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Figure I.I.1: Le modèle d’immunité végétale dit en «zig-zag» (modifié d’après Jones et Dangl,
2006)
Dans une première phase , les plantes détectent les PAMP microbiens via les récepteurs PRR et
mettent en place la résistance basale (PTI, PAMP-Triggered Immunity). Puis, dans une deuxième
phase, dans le cas de pathogènes hôtes il y a sécrétion d’effecteurs qui vont interférer avec la
résistance basale et favoriser le développement de l’agent pathogène, résultant en une sensibilité de
la plante  (ETS, Effector-Triggered Susceptibility). Dans une troisième phase, un effecteur (en
jaune) est reconnu par une protéine R qui déclenche la résistance spécifique  (ETI, Effector-
Triggered Immunity), souvent accompagnée d’une réaction hypersensible (HR). Dans la quatrième
phase, les agents pathogènes ayant perdu l’effecteur jaune et éventuellement gagné d’autres
effecteurs (en rouge) sont sélectionnés . Chez la plante, la sélection va favoriser de nouveaux
allèles de gènes R, capables de reconnaître ces nouveaux effecteurs, résultant en la résistance
spécifique et la HR.
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Figure I.I.2: Représentation schématique des différentes barrières de défense impliquées
au cours de la résistance non-hôte et de la résistance spécifique.
Lorsqu’un agent pathogène entre en contact avec la plante, il est confronté tout d’abord aux
défenses préformées telles que les barrières physiques (cuticule, cires…) et chimiques
(phytoanticipines, composés antimicrobiens…). Lorsque les micro-organismes surmontent ce
premier niveau de défense, les plantes mettent en place un deuxième niveau de défenses
activé par la reconnaissance des microbes via la PTI (PAMP-triggered immunity) et l’ETI
(Effector-triggered immunity). La PTI se manifeste par l’activation d’une cascade de processus
de signalisation (Production de ROS, de NO, phosphorylations…) qui aboutit à la mise en place
des défenses. Les défenses préformées et les défenses associées à la PTI sont des formes de
résistance non-hôte. L’ETI consiste en la reconnaissance spécifique des effecteurs du
pathogène par la plante et résulte en la mise en place de réponses de défense plus durables et
plus intenses comme la HR (réponse hypersensible), on parle de résistance spécifique.
«dialogue plantes pathogènes»
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PARTIE I INTRODUCTION 
 
CHAPITRE I : Concepts de phytopathologie 
 
  %1$< 
 
  1$1  

-  
 

=
1.


..
<



1.


 %% B33#,, ))'D B
 D>    
	/ 1


   A 

-  B 
D 	
  
 B!D 	B
D   

 1 % / /-   %.. 
< 1 
  


 "
 B$D> )% ,# 
   


1  %1$  $
..
1=


1
1

>

*
   
 
1
 
   
 1.

 1.1
  $1
 


  1
 =  

 
 /

 /-
 BD  
 ..1


1/
     
 
 1.

 1$1
  
 /

/-
B D>


)* (+#(((# (+#((+"( +#((, !-(.


)*) (+#((+"(#,/+."# ( $"%&#(


)/?1
1

1.


	$
1
1/
F
	

  
 1.

 $1
 
 =  

 % /
 /- 
B
 D>)$1.




1
$

0
	1/
/	
2.%@
/

11




%A>*..1
11
1

=
.
.
$1

 
<    
 
 
 
 	-
 

  @ 
 /

/-
 ./
  	1
  
% 
 
 


 $1/1> )  


1


 . %1> 


	
.

	
	1
/-
>)
	10


2
	
     /  
 .	
  
 

 1/  


$-
..>

<.

<
/

%%


% 
$





<$

8
  	


    
 8
 %1/ 
 
 1
> G .

1

 
 %
< 
 $ . . = 
 	-
 H
I 
  

		3	

$45= /
%
$

$ . 
 1.

 1.1
> )
 1	
 

 
 
 
1
 
.	

1-
$1
1.

>
1	


..1

F1
<1:



B4J	/)7<
CCKD< 
 $ @ ..
	
  $
< 
 
 
71
 
 
 
 


1.
  
 
 
 
1
1
> )
 

   
 
 1	





$8	



	1

 
1$1./B(
!<CCLD>
G / 	  
 

- 1/ 
 1	
 = $1 	
1
 	1	> 
 
1
 
 2/   / 	 %


Figure I.I.3: Le système glucosinolates-myrosinase (modifié d’après Wittstock, 2002)
(a) Exemples des structures aliphatique, aromatique et indolique des glucosinolates (en vert)
(b) Les glucosinolates sont hydrolysés par des myrosinases. Après hydrolyse, les glucosinolates
forment une structure instable qui est réarrangée en différents composés (en rose): les
isothiocyanates, les oxazolidine-2-thiones, les thiocyanates, les epithionitriles et les nitriles.
(R: chaine variable).
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Figure I.I.4: Reconnaissance des PAMPs par les PRRs (modifié d’après Monaghan and Zipfel,
2012)
FLS2 est un récepteur de type LRR-RLK qui reconnait la flagelline des bactéries (dont le motif
reconnu est flg22) chez Arabidopsis, la tomate, Nicotinana benthamiana et le riz. Chez les
Brassicacées, EFR, un autre LRR-RLK reconnait le facteur d’élongation Tu (dont l’épitope est elf18).
Le peptide axYs2 présent chez les bactéries du genre Xanthomonas serait reconnu par le LRR-RLK
XA21 chez le riz. The LysM-RLPs LYM1 and LYM3 sont les récepteurs du peptidoglycane des
bactéries (PGN), qui lierait également le LysM-RLK CERK1 chez les champignons, la xylanase est
reconnue par les LRR-RLPs Eix1 and Eix2 de la tomate. Ave1 serait un ligand putatif pour le LRR-
RLP Ve1 chez la tomate. Chez le riz, le LysM-RLP CEBiP lie la chitine et interagit avec le LysM-RLK
CERK1. Chez les légumineuses, une protéine extracellulaire de type «β-glucan-binding protein»
(GBP) lierait l’heptaglucane de Phytophthora. Les LRR-RLKs PEPR1 and PEPR2 lie les peptides
AtPeps relâchés par la paroi lorsque celle-ci est endommagée, et le RLK WAK1, est le récepteur aux
oligogalacturonides (OGs) pariétaux.
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Figure I.I.5.: La résistance spécifique chez les plantes
a. Représentation schématique de la structure des protéines R, participant a la résistance.
(modifié d’après Hammond-Kosack et Parker, 2003)
La plupart des protéines de résistance sont cytosoliques et présentent un domaine LRR associé à un
domaine NBS (Nucléotide Binding Site), site de fixation et d’hydrolyse de l’ATP. L’ensemble des
protéines à NBS-LRR peut être subdivisé en deux sous-groupes selon la structure de leur domaine N-
terminal : soit un domaine Coiled-Coil (CC) soit un domaine TIR (Toll-Interleukine 1 Receptor). Ces
deux classes comprennent la plupart des protéines de résistance connues. Certaines sont
transmembranaires avec le domaine LRR situé à l’extérieur de la cellule. C’est le cas des protéines Cf
conférant la résistance a Cladosporium fulvum chez la tomate. D’autres domaines additionnels
peuvent être observés, en particulier des domaines classiques de transduction du signal comme le
domaine kinase intracellulaire de Xa21 (conférant la résistance à Xanthomonas oryzae pv. oryzae
chez le Riz) ou le cas de RRS1 qui présente un site d’adressage nucléaire et un domaine WRKY
(confère la résistance à Ralstonia solanacearum chez Arabidopsis).
Abréviations: RPP: Resistance to Peronospora parasitica, RPS: Resistance to Pseudomonas syringae, RPM1 :
Resistance to Pseudomonas syringae pv. maculicola, Cf: Resistance to Cladosporium Fulvum, Xa21: Resistance to
Xanthomonas orizae pv. orizae, TIR : Toll-Interleukine 1 Receptor, CC : Coiled-Coil, LRR:
Leucine Rich Repeat, NLS: Nuclear Localisation Site,WRKY: site de liaison a l'ADN.
b. Schématisation des systèmes de reconnaissance R/Avr.
A. Interaction compatible. Des facteurs de virulence (Avr) de la bactérie cible des protéines végétales.
Les modifications qu'ils entrainent peuvent leur permettre d‘échapper aux mécanismes de défense. La
plante est alors sensible et la maladie peut se développer.
B & C. Interactions incompatibles. Soit la protéine R interagit directement avec le facteur d'avirulence
(cas rare) (B), soit elle "surveille" la cible végétale. Dans ce cas, la protéine R détecte l'interaction du
facteur bactérien et de sa cible végétale (C), et enclenche alors l'activation rapide des mécanismes de
défense. La plante est résistante. On peut parler dans ce dernier cas de modèle de garde.
a
b
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Figure I.I.6: Les voies de signalisation déclenchées par la reconnaissance d’un agent
pathogène sont utilisées différemment au cours de la PTI et de l’ETI (modifié d’après Tsuda,
2010).
La reconnaissance des PAMPs par les PRRs au cours de la PTI et des effecteurs par les protéines R
au cours de l’ETI déclenche des cascades de signalisation complexes. Bien que les voies de
signalisation utilisées au cours de la PTI et de l’ETI puissent être communes, l’efficacité des réponses
de défense et la résistance qui résulte de l’activation de ces voies est différente. Les réponses de
défense induites au cours de la PTI sont transitoires alors qu’elles sont durables au cours de l’ETI. Il
existerait des relations synergiques entre les différentes voies de signalisation empruntées au cours
de la PTI et des relations compensatoires au cours de l’ETI. Ces relations croisées expliqueraient la
vulnérabilité de la résistance induite au cours de la PTI et la robustesse de la résistance induite au
cours de l’ETI.
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Figure I.I.7: Contribution des CDPKs et MAPKs aux voies de signalisation
déclenchées lors d’interactions plantes – pathogènes. (Modifié d’après Tena, 
2011)
La perception de microorganismes provoque un rapide influx de calcium, régulant des
efflux d’anions, la production de ROS et l’induction de gènes impliqués dans la
biosynthèse de composes antimicrobiens. Les CDPKs interviennent dans ces
réponses en régulant probablement des régulateurs de la transcription. La régulation
génique des réponses tardives (entre l’heure et le jour) inclue la production de SA, de
phytoalexines, de camalexine et d’autres composes de défense. Toutes ces réponses
sont modulées positivement ou négativement par les CaM1, CBL-CIPKs et CDPK1. La
plupart des substrats de ces protéines kinases sont inconnus à l’exception de NPR1,
une protéine clé de la signalisation SA dépendante qui est phosphorylée par CIPK11.
Ce complexe et la régulation calcique contribue à la résistance chez les plantes aux
bactéries, oomycètes et champignons.
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Figure I.I.8: Sources et rôles des espèces réactives de l’oxygène (ROS) au cours des
interactions plantes/pathogènes.
La reconnaissance d’un agent pathogène conduit à une augmentation de la concentration 
en ions Ca2+ à l’intérieur de la cellule  qui permet d’une part de promouvoir  la liaison
d’ions Ca2+ aux motifs EF-hands présents sur RBOH  et d’autre part de stimuler l’activité 
de CDPKs et MAPKs  qui peuvent phosphoryler RBOH . Ceci a pour conséquence de
stimuler l’activité de cette enzyme. L’activation de ces mécanismes a pour conséquence la
production de ROS. D’autres enzymes présentes au niveau de la paroi comme les 
peroxidases 33/34 (PRX 33/34) vont également permettre une production de H2O2 en
réponse aux pathogènes. Les ROS vont diffuser dans le cytosol et activer les voies des
MAPKs/CDPKs ainsi que plusieurs réponses de défense comme l’expression de gènes 
marqueurs de défense, la production de phytoalexines et de glucosinolates et conduire à
une mort cellulaire de type HR pour limiter la propagation du pathogène.
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Figure I.I.9: Biosynthèse et signalisation du monoxyde d’azote (NO) au cours des interactions
plantes/pathogènes (modifié d’après Wimalasekera, 2011).
En réponse à un agent pathogène, le NO peut être synthétisé à partir de nitrite par la nitrate reductase
(NR) et à partir de la L-arginine par une nitrite oxide synthase like enzyme (Nos-like). L’augmentation
de la concentration en calcium cytosolique induite par la reconnaissance d’un agent pathogène est
responsable également d’une augmentation de la production de NO. Le NO à son tour induit une
augmentation de la concentration en calcium à l’intérieur de la cellule en activant les canaux calciques
intracellulaires. La production de NO associé à ce relargage du calcium dans le cytosol régule l’activité
de CDPKs, de MAPKs et de certaines SnRK2 (sucrose non-fermenting –related protein kinase 2).
Dans ces conditions le NO module plusieurs réponses cellulaires comme l’expression de gènes de
défense, la production de phytohormones, la production de métabolites secondaires, l’activité NADPH
oxidase et la mort cellulaire de type HR.
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Figure I.I.10 : Voies de biosynthèse de l’acide salicylique (SA) chez les plantes. (Modifié d’après
Chen, 2009)
Le SA est synthétisé par deux voies possibles chez les plantes à partir de la voie du shikimate ou bien
à partir de la phénylalanine. Des expériences de traceurs métaboliques ont démontré que les plantes
synthétisent du SA principalement à partir du cinamate produit par la PAL alors que des études
génétiques ont mis en évidence que la majorité de la production de SA s’effectue via la voie de
l’isochorismate. L’utilisation de mutants de gènes codant pour la PAL et ICS a réconcilié ces deux
hypothèses et prouvé que les deux voies sont importantes pour l’accumulation du SA. Il est supposé
aujourd’hui que ces deux voies de biosynthèse sont intégrées dans un même processus de
biosynthèse ou de régulation encore méconnu (signifié par ? sur la figure), qui conduirait à la
production de SA. Récemment les gènes PBS3 et EPS1 codant pour des enzymes catalytiques ont
été caractérisés comme étant des acteurs majeurs de la production de SA en réponse à un agent
pathogène. Une fois produit, le SA est converti en méthylsalicylate (MeSA) et sous forme de SA
glycosylé (SAG), deux intermédiaires qui permettent le transport du SA dans la plante entière et
conduisent à la réponse systémique acquise (SAR).
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Figure I.I.11 : Voie de signalisation de l’acide salicylique (SA) (Modifié d’après Pieterse, 2012)
La reconnaissance d’un agent pathogène entraine l’activation de EDS1 et PAD4 qui activent les voies de
biosynthèse du SA en interagissant avec ICS1 et EDS5. La voie de la PAL contribuerait aussi à la
production de SA en réponse à un agent pathogène. Le SA peut être converti sous forme de MeSA ou SAG
puis transporté dans les différents organes de la plante ce qui conduit à la mise en place de la résistance
systémique acquise. L’accumulation de SA contribue aussi à la mise en place de la résistance locale par
l’activation de NPR1.
Dans des cellules non stimulées, NPR1 est séquestré dans le cytoplasme sous forme d’oligomères et ne
peut exercer son activité régulatrice. En réponse à des changements de l’homéostasie du SA, NPR1 est
converti en monomères par des thioredoxines telles que TRHX3/TRHX5 puis transféré dans le noyau où il
interagit avec des facteurs de transcription de type TGA et WRKY qui lient et activent le promoteur des
gènes de réponse au SA, tel que les gènes PRs, ce qui conduit à l’activation des défenses et notamment à
la mise en place de la mort cellulaire programmée.
Des régulateurs négatifs exercent un rétrocontrôle de la signalisation SA, c’est le cas notamment des
facteurs de régulation NIMINs et de SNI1 qui contrôlent l’expression des gènes de défense SA dépendants.
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Figure I.I.12: Représentation schématique de la perception de l’acide salicylique (SA) (D’après Fu,
2013)
NPR3 et NPR4 fonctionnent comme des récepteurs au SA. L’interaction de NPR1 avec NPR4 en l’absence
de SA conduit à sa dégradation par le protéasome (a). Des concentrations faibles en SA conduisent à la
liaison du SA à NPR4, ce qui à pour conséquence de limiter sa capacité à agir comme une protéine de
dégradation et de faibles quantités de NPR1 s’accumulent ce qui permet l’activation des mécanismes de
défense (b). Des concentrations modérées en SA accumulées en réponse aux effecteurs du pathogène
dans des cellules voisines (réponse systémique) entraine aussi la liaison du SA à NPR4, ce qui limite plus
fortement l’interaction NPR1-NPR4 et conduit à l’activation de la résistance systémique acquise. Une partie
des protéines NPR1 interagit dans ce cas avec NPR3 ce qui entraine sa dégradation (c). Des cellules
directement en contact avec un agent pathogène avirulent accumulent de fortes quantités de SA ce qui
entraine la dégradation de NPR1 par NPR3 et l’inhibition de la mort cellulaire programmée (d). Selon
l’hypothèse de Wu, 2012, NPR1 pourrait fonctionner comme le récepteur du SA . La forme oligomère du SA
contient des ions cuivre ce qui faciliterait la liaison du SA. Dans des conditions réductrices et en présence
de SA, NPR1 serait converti sous forme de monomère et pourrait exercer son activité régulatrice sur la
transcription des gènes (e).
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Figure I.I.13: Représentation schématique de la voie de biosynthèse du JA
La biosynthèse du JA débute avec la libération d’acide linoléique des lipides membranaires.
Plusieurs enzymes (LOX, AOS, AOC, OPR permettront la conversion de cette acide linoléique en
différentes formes intermédiaires de biosynthèse du JA. Le JA est présent sous deux formes, le (+)-
7-iso-JA qui s’épimérise sous une forme isomère plus stable (−)-JA. Généralement, la forme (+)-7-
iso-JA est décrite comme la forme biologiquement active de l’hormone. Le JA est métabolisé en
différents dérivés dont les mieux connus sont le méthyl-jasmonate (MeJA) et une forme couplée à
l’isoleucine (JA-Ile). Une JA carboxyl-methyltransferase permet la conversion du JA sous la forme
volatile MeJA. La conjugaison du JA avec l’isoleucine est effectuée par JAR1.
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Figure I.I.14: Voie de signalisation du JA (Modifié d’après Pieterse, 2012)
En réponse à un agent pathogène, les cellules végétales synthétisent du JA-Ile. COI1
(CORONATINE INSENSITIVE 1), protéine à domaine F-box est le récepteur du JA-Ile. En réponse
au JA, COI1 est responsable de l’ubiquitination et de la dégradation des JAZs (JASMONATE ZIM
transcription factors), répresseurs de deux régulateurs transcriptionnels clés: les facteurs MYCs et
ERFs. Les facteurs MYCs régulent la transcription du gène VSP2 (VEGETATIVE STORAGE
PROTEIN 2) marqueur de la voie JA. Les facteurs EIN3/EIL1 régulent la transcription de facteurs de
type ERFs qui eux-mêmes régulent l’expression du gène marqueur PDF1.2 (PLANT DEFENSIN1.2).
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Figure I.I.15: Production de callose en réponse à la perception de flagelline (flg22) (D’après
Clay, 2009)
La formation de papilles de callose en réponse à la flg22 implique l’activation de trois acteurs
majeurs de la voie des glucosinolates: MYB51, CYP81F2 et PEN2/PEN3. Les voies MYB51 et
CYP81F2 conduisent à la production de 4-methoxy-IGS (IGS:indole glucosinolate). Le 4-methoxy-
IGS est hydrolysé par PEN2/PEN3 et contribue par la suite à l’induction de la production de callose
par PMR4. Ces voies sont finement régulées par les composés hormonaux tels que l’ABA et le
MeJA qui suppriment la formation de papille de callose alors que l’ET et le SA contribuent à
l’activation des voies de biosynthèse de la callose.
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Figure I.I.16: Représentation schématique de la voie de biosynthèse de la camalexine (D’après
Ahuja, 2012)
La biosynthèse de la camalexine débute par la conversion du tryptophane en indole-3-acetaldoxime
(IAOx) par deux homologues du cytochrome P450 : CYP79B2 et CYP79B3. IAOX est converti en
indole-3-acetonitrile (IAN) par CYP71A13 dans les feuilles de rosette. Une gluthatione-S-transférase
GSTF6 permet la conjugaison de l’IAN avec le gluthation GSH. Une fois conjugué, l’IAN est 
métabolisé en Cys-IAN par deux voies possibles : celle impliquant une γ-glutamyl transpeptidase
(GGT) et celle impliquant une phytochelatine synthase (PCS1). Enfin, les deux dernières étapes de
la biosynthèse conduisent à la conversion du Cys(IAN) en (S)-acide dihydro-camalexique puis en
camalexine via CYP71B15.
 Q
PARTIE I INTRODUCTION 
 
CHAPITRE I : Concepts de phytopathologie 

$5B#4D

LKC<.K@'6


.
  
  .K@'  
 
 
> G /
.1
 0,"3  
?/
%#4$/02>G.
?/1<%#4
1	
1
#4
$


	
U \/ 

 B>>D 


 B.&D> .< 
-
1
 	
-

= 
$
  
B#4D    
   $   LKC
.K@A=1

*5B?><CD>


$1
1



$

B6 ,D




$/
1

@

1	
-




A

1
B"
7<CCCD>)
!/111

	
.

1/

1
=
%


	
 %      
1 B"
  7< CCCD> *%
 $ 1

   !5N5<  !4    ./ 
 	  1/   
  A  $  %<   1/ %$1 %!"N B
3>D<.
1/
$	
-

B!	8><CD>

 (" !#(3 $"%#(!(/ 4

)
 	
 (  11 1$
   - .
 
  
 % . 
	$

:	>*
<A

1

1.
=



/-
11
18/	%
-
$1/1
B
@<$)
 >< CC3D> 
 1
  

- /11 
  
$ 

/1
@%-

11
	
	/
>)
N:6
B!D
B!5<L<QD$1

/
%>).
!S</
	
<
!B3D<!
5B(D
1


 	 B!LD< $1

/-
	1
./
>)
1

.
!!KB()# *D

	A/  
-
  .
!C B2 # *D 

1 
  1.
  
 $
> *%
  	 
  
 
/

 
 
 	$
  
 	
  1

 B!3D  
 

 
	
1


	$
> .<
!
0
"< + 
	  

   	
< %
  
 
 !K B  D  !3
B # *D

-$1	
21
!N


	
21B$)><CC3D>)
-

1
!
	

  	  &':  G' 3  "% )
 !
 1
 
 1/1
  $

 
/-

$
1
 %$
$
>
<	
$1	/
</-#"

1
$1.
1!>


 "#($2(#(!34 "#((2( !99!(3	4

)<(

	

/>%
.1

8

 
>   ] 
 
 
 /-  
 
$ 

1 = 
famille Plante  taille (kDa) propriétés cible potentielle référence 
PR-1 Tobacco PR-1a 15 anti-fongique ND Antoniw et collaborateurs, 1980 
PR-2 Tobacco PR-2 30 β-1,3-Glucanase β-1,3-Glucane Antoniw et collaborateurs, 1980 
PR-3 Tobacco P, Q 25–30 Chitinase (class I,II, IV,V,VI,VI) Chitine 
Van Loon et collaborateurs, 
1982 
PR-4 Tobacco ‘R’ 15–20 Chitinase class I,II Chitine Van Loon et collaborateurs, 1982 
PR-5 Tobacco S 25 Thaumatin-like' Membrane Van Loon et collaborateurs, 1982 
PR-6 Tomato Inhibitor I 8 Proteinase-inhibitor' ND Green et collaborateurs, 1972 
PR-7 Tomato P69 75 Endoprotéinase ND Vera et collaborateurs, 1988 
PR-8 Cucumber chitinase 28 Chitinase de classe III Chitine Métraux et collaborateurs, 1988 
PR-9 Tobacco ‘lignin-forming peroxidase’ 35 Peroxidase ND 
Lagrimini et collaborateurs, 
1987 
PR-10 Parsley ‘PR1’ 17 ‘Ribonuclease-like’ ND Somssich et collaborateurs, 1986 
PR-11 Tobacco ‘class V’ chitinase 40 Chitinase de classe I Chitine 
Melchers et collaborateurs, 
1994 
PR-12 Radish Rs-AFP3 5 Défensine Membrane Terras et collaborateurs, 1995 
PR-13 Arabidopsis THI2.1 5 Thionine Membrane Epple et collaborateurs, 1995 
PR-14 Barley LTP4 9 LTP Membrane García-Olmedo et collaborateurs, 1995 
PR-15 Barley OxOa (germin) 20 Oxalate oxidase ND Zhang et collaborateurs, 1981 
PR-16 Barley OxOLP 20 ‘Oxalate oxidase-like’ ND  Wei et collaborateurs, 1998 
PR-17 Tobacco PRp27 27 ND ND Okushima et collaborateurs, 2000 
Figure I.I.17 : Les protéines PRs (D’après Van Loon, 1999)
Classification des protéines PRs. Les dernières données disponibles sont mises à jour sur le site
internet: http://www.bio.uu.nl/~fytopath/PR-families.html, (ND: non déterminé).
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Figure I.I.18: Overview des effecteurs de P. syringae et de leurs cibles (D’après
Collmer, 2012)
Les effecteurs suppriment les réponses de défense en interférant avec différents éléments
des voies de signalisation activées en réponse à la perception du pathogène. Une grande
majorité des cibles des effecteurs sont des kinases ou des protéines impliquées dans des
cascades de phosphorylation (MAPKs, MAPK4, RIN4, FLS2, BAK1, BIK1). D’autres
effecteurs sont capables de contre-carrer directement les voies hormonales (SA) ou au
contraire d’activer les voies de signalisation de certains composés hormonaux qui agissent
de manière antagoniste (ABA, AUX). Certains effecteurs sont capables d’exercer un contrôle
transcriptionnel sur l’expression des gènes de défense ou post-trascriptionnelsur la
machinerie de dégradation des petits ARNs (GPR7). Le traffic vésiculaire qui permet le
transport de composés anti-microbiens (MIN7) est aussi la cible d’effecteurs.
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Figure I.I.19: Signatures calciques induites par différents stimuli dans le cytosol et les 
organites des cellules de plantes.
De nombreuses données sur les variations intracellulaires du taux de calcium ont été acquises grâce
à l’utilisation de divers outils permettant la mesure du calcium libre dans les différents compartiments 
de la cellule. Diverses signatures calciques, de durée, d’amplitude, de fréquence différentes ont pu 
être mesurées dans le cytoplasme après l’application d’H2O2 et dans différents organites suite à des
stimuli variés, comme l’application de facteur s NOD au niveau nucléaire ,dans la mitochondrie suite 
à une induction par le toucher , ou dans le chloroplaste lors de la transition lumière/obscurité.
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Figure I.I.20: Représentation schématique du motif de liaison au calcium (EF-Hand) et de la
structure des protéines participant à la signalisation calcique (modifié d’après Zhou , 2009).
A. Représentation schématique du motif EF-hand.
Ce motif est constitue de 29 résidus formant une structure Hélice-Boucle-Hélice. Cette structure peut
être représentée dans l’espace a l’aide d’une main, ce qui est a l’origine du nom de
ce motif. Les résidus 1,3,5,7,9,12 de la boucle sont impliques dans la fixation de l’ion calcium. h:
résidu hydrophobe, x:n’importe quel résidu.
B. Représentation schématique des principales familles de protéines affines pour le calcium
chez les plantes.
Suite a la perception de différents stimuli, des variations de calcium intracellulaire constituent un
message intracellulaire qui est décodé par différentes familles de protéines affines pour le calcium,
permettant d’activer des réponses physiologiques appropriées au stimulus initial. Le motif de liaison
au calcium EF-hand est représenté en rouge. En orange est représenté un motif EF-hand de 14 AA
présent chez les CBLs en position N-terminal. La lettre A représente le domaine auto-inhibiteur de
l’activité kinase des CDPKs.
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Calcium is a universal messenger involved in the modulation of diverse developmental and adaptive process-
es in response to various physiological stimuli. Ca2+ signals are represented by stimulus-specific Ca2+ signa-
tures that are sensed and translated into proper cellular responses by diverse Ca2+ binding proteins and their
downstream targets. Calmodulin (CaM) and calmodulin-like (CML) proteins are primary Ca2+ sensors that
control diverse cellular functions by regulating the activity of various target proteins. Recent advances in
our understanding of Ca2+/CaM-mediated signalling in plants have emerged from investigations into plant
defence responses against various pathogens. Here, we focus on significant progress made in the identifica-
tion of CaM/CML-regulated components involved in the generation of Ca2+ signals and Ca2+-dependent reg-
ulation of gene expression during plant immune responses. This article is part of a Special Issue entitled: 12th
European Symposium on Calcium.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction
In their natural environment, plants are constantly exposed to fluc-
tuating conditions, and they have evolved sophisticated mechanisms to
perceive and respond to environmental cues in order to survive and
propagate. To process the information perceived, plants use secondary
messengers such as the Ca2+ ion. An increase in free Ca2+ levels in a
cell compartment acts as a signal carrying specific information to be
translated into appropriate biological responses by downstream effec-
tors. Many exogenous and endogenous factors including light, tem-
perature, drought and salt stress, pathogen-derived molecules and
phytohormones provoke elevations of free Ca2+ levels in different com-
partments of plant cells [1]. The Ca2+ level peaks with spatio-temporal
characteristics depending on the nature and the strength of the primary
stimulus. These stimulus-specific patterns of Ca2+ signals, also called
Ca2+ signatures, result from a tight control of the activities of channels
and pumps, present on the plasma-membrane and endomembranes,
that govern Ca2+ flux between neighbouring compartments [2]. As
plants appear to lack most of the Ca2+ channels found in animals, the
search for ion channels initiating Ca2+ elevation in plant cells has been
a topic of intense research that has provided evidence for the contribu-
tion of cyclic nucleotide gated channels, glutamate-like receptor chan-
nels and two-pore channels to Ca2+ signalling in plants [3–5]. Ca2+
extrusion systems that restore a basal Ca2+ level after a Ca2+ rise are
represented by Ca2+-ATPase pumps and Ca2+/proton exchangers [6,7].
Ca2+ efflux processes are as important as Ca2+ influx events in shaping
defined Ca2+ signals, and both processes are subject to complex regula-
tion in order to coordinate their respective activities.
Ca2+ signatures are recognized by Ca2+ binding proteins that trans-
late Ca2+ signals into cellular responses through Ca2+-dependent reg-
ulation of downstream effectors. Most Ca2+ sensor proteins possess EF
hand motifs, a helix-loop-helix structure that binds one Ca2+ ion [8].
Upon Ca2+ binding, Ca2+ sensors undergo conformational changes
that promote either their own catalytic activity or their interaction
with target proteins. Plants have a superfamily of EF hand proteins
with at least 250 members predicted from the genome of the model
plant Arabidopsis thaliana [9], and those known to function as Ca2+ sen-
sors and transducers are mainly represented by three sub-families: cal-
modulin (CaM) and calmodulin-like proteins (CMLs), Ca2+-dependent
protein kinases (CPKs), calcineurin B-like proteins (CBLs) and their
interacting protein kinases [10]. CaM, a well known Ca2+ sensor
found in all eukaryotes, is highly conserved during evolution, whereas
CMLs, CPKs and CBLs appear to be restricted to plants and lower protists
[11].
Because Ca2+ acts as a versatile second messenger in various devel-
opmental processes and adaptation responses, progress in our un-
derstanding of Ca2+ signalling systems has emerged from studies
performed in various fields of plant biology. In particular, investigations
on plant defence strategies against pathogens have greatly contributed
Biochimica et Biophysica Acta 1833 (2013) 1766–1771
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to identifying components involved in the generation and processing of
Ca2+ signals, and to demonstrating their roles in plant immunity
[12,13]. Because exhaustive reviews on Ca2+ signalling in plants are reg-
ularly published, we will focus here on recent advances in Ca2+/
CaM-mediated signalling during plant–pathogen interactions with an
emphasis on key components involved in the generation of Ca2+ signals
and modulation of gene expression. Readers can also refer to recent arti-
cles reviewing the function of other Ca2+ sensor proteins including CPKs
and CBLs, in immune and stress signalling [14–16].
2. Ca2+ signals in plant immunity
Plants defend themselves against potential pathogens by using two
main strategies [17]. The first strategy, referred as to non-host resis-
tance, is initiated by the recognition of conserved pathogen-associated
molecular patterns (PAMPs) by pathogen recognition receptors [18].
Typical examples of PAMPs areflg22 and elf18, two peptides derived re-
spectively from bacterial flagellin and the elongation factor Tu, and fun-
gal chitin. Each of these PAMPs is specifically recognized by a distinct
receptor kinase. Perception of PAMPs activates diverse signalling events
including the generation of Ca2+ signals and oxidative burst, the pro-
duction of hormones and phosphorylation cascades, leading to a
broad and non-specific resistance, called PAMP-triggered immunity
(PTI). To counteract this basal defence, pathogens can deliver a range
of effectors into plant cells that suppress PTI, thus allowing the propaga-
tion of pathogens in plant tissue and occurrence of disease. In a second
strategy, plants activate another layer of defence, called effector-
triggered immunity (ETI), which is initiated by the specific recognition
of a pathogen effector by the corresponding plant resistance protein. ETI
is a robust and specific resistance that often leads to the hypersensitive
response (HR). The HR is a programmed cell death of plant cells sur-
rounding the site of infection, which is believed to prevent further
spread of the pathogen in plant tissue [19].
One of the earliest signalling events observed after the recognition of
a pathogen is ion fluxes across the plasmamembrane including influx of
Ca2+ into the cytosol [12]. Transformed plants expressing aequorin, a
Ca2+ sensitive luminescent protein, have been used tomonitor changes
in intracellular Ca2+ levels after pathogen inoculation or application of
PAMPs. Thus, distinct cytosolic Ca2+ signatures have been described in
Arabidopsis leaves after infiltration with various strains of the bacterial
pathogen Pseudomonas syringae (Pst) [20]. All strains produce a rapid
and transient rise in cytosolic Ca2+ concentrations with a maximum
peaking at around 10 min after pathogen challenge. In addition, aviru-
lent strains of Pst which trigger the HR, elicit a second and sustained
increase in cytosolic Ca2+ levels, whereas virulent strains do not. Inter-
estingly, preventing the Ca2+ influx with LaCl3, a general Ca2+ channel
blocker, results in the suppression of the HR, suggesting a crucial role of
Ca2+ in ETI. Similar studies have been performed after plant treatment
with PAMPs such as flg22 and elf18, or other elicitors of plant defence,
to show that different PAMPs and elicitors induce distinct cytosolic
Ca2+ signatures [21]. Moreover, transgenic plants expressing aequorin
targeted to different cellular compartments have revealed that PAMPs
and elicitors can induce Ca2+ signatures not only in the cytosol, but
also in the nucleus, mitochondria or chloroplasts, suggesting the inte-
gration of all organelles in plant defence systems [22,23].
Little is known about the channels and pumps controlling Ca2+
transport in plant cells [24]. Recently, a collection of mutants obtained
by a chemical mutagen treatment of transgenic aequorin plants, has
been used to isolate mutated plants exhibiting a disordered Ca2+ signal
in response to flg22 treatment [25]. Interestingly, some mutants show
differential phenotypes induced by various PAMPs, and further charac-
terization of these plants will likely lead to the discovery of key actors re-
quired for the generation and/or regulation of Ca2+ signals during PAMP
signalling. Other genetic approaches performed to isolate mutants with
impaired pathogen resistance, have recently revealed the essential
roles of Ca2+ permeable channels, such as cyclic nucleotide-gated chan-
nels (CNGCs), and Ca2+pumps, like autoinhibited Ca2+-ATPases (ACAs),
in plant immunity (Fig. 1). CNGCs are non-selective cation channels that
were shown to conduct Ca2+ through the plant cell plasma-membrane
[26]. Disruption of CNGC2 or CNGC4 genes in Arabidopsis results in an
Fig. 1. Role of Ca2+ and CaM in regulating the activities of Ca2+ influx/efflux systems involved in plant immunity. Details are given in the text.
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impaired HR phenotype in response to avirulent pathogens [27,28]. In
addition, monitoring Ca2+ signals in cngc2mutant background express-
ing aequorin suggests that CNGC2 facilitates Ca2+ flux into the cytosol
during plant–pathogen interactions [3]. Other Ca2+ permeable channels
such as glutamate-like receptors (GLRs) have been proposed to function
in plant defence signalling. Inhibiting GLRs in tobacco cells using antago-
nists of animal ionotropic glutamate receptors was found to reduce the
cytosolic Ca2+ signal and the production of NO induced by cryptogein,
a fungal elicitor [29]. Furthermore, cryptogein triggers a release of gluta-
mate in the apoplast at a concentration allowing the activation of GLRs.
Genetic approaches have also been used to show a role for GLRs in devel-
opment and adaptation to stresses [30], but the identity of the genes as-
sociated to plant defence remains to be elucidated.
On the Ca2+ efflux side, disruption of several members of the ACA
family was found to alter plant immunity in Arabidopsis. Arabidopsis
has 14 P-type Ca2+ ATPases including 10 ACAs located on different cel-
lular membranes [31]. A double knockout mutation in the vacuolar
Ca2+ pumps, ACA4 and ACA11, results in a high frequency of HR-like le-
sions by potentiating the action of salicylic acid (SA), a phytohormone
playing a pivotal role in defence [32]. Other work has shown that dis-
ruption of the plasma membrane-localized ACA8 or ACA10 leads to an
enhanced susceptibility to a virulent strain of Pst [33]. Interestingly, a
modified Ca2+ signature was observed in the double mutant aca8/
aca10 in response to flg22 treatment. The expression levels of other
ACAs, including ACA12 and ACA13, were also found to be dramatically
induced upon exposure to pathogens, suggesting the involvement of
additionalmembers of the ACA family in the control of Ca2+ homeosta-
sis during pathogen infection [34].
All these data reveal that the action of channels and pumps
governing Ca2+ flux across the plasma-membrane and the tonoplast
contributes to generating cytosolic Ca2+ signals elicited by pathogens
and PAMPs, and that disruption of Ca2+ homeostasis affects the ability
of plants to mount appropriate defence responses against pathogens.
As Ca2+ signatures result from the coordinated action of Ca2+ influx
and efflux pathways, how Ca2+-permeable channels and transporters
are regulated during plant-pathogen interactions, has to be considered.
CaM appears as a central player in the control of Ca2+ transport systems
because both CNGCs and ACAs are known to be regulated by CaM (Fig. 1).
It was previously shown that CNGCs are activated by cyclic nucleotides
and bind CaM at a site that partially overlaps the binding site of cyclic nu-
cleotides [35]. Binding of CaM results in the inactivation of the CNGCs by
interfering with the binding of cyclic nucleotides [36]. Thus, the negative
action of CaM on CNGC activity provides a direct feedback pathway
allowing Ca2+ itself to restrict its flux into plant cells. The ACAs, described
above, belong to a sub-group of CaM-regulated Ca2+-ATPases that
contain at theirN-terminus, a CaMbinding site and an auto-inhibitory do-
main [37]. CaMstimulates the activity of theseCa2+pumpsbypreventing
their auto-inhibition. The activity of ACAs can also be inhibited by phos-
phorylation within the N-terminus domain. Phosphorylation of several
serine residues surrounding the CaM binding domain in ACA8 was
shown to reduce the kinetics of activation by CaM [38]. Interestingly, pro-
tein kinases possibly involved in the regulation of ACAs have been pro-
posed. Both ACA8 and ACA10 were reported to be differentially
phosphorylated upon treatment of Arabidopsis cells by flg22, and ACA8
was found to form a complex with FLS2, the receptor-kinase of flg22,
suggesting a direct regulation of the Ca2+ pump by the flagellin percep-
tion system [33,39]. ACA8 was also shown to be phosphorylated in vitro
by a CPK [38]. It will be interesting to confirm that ACAs are in vivo sub-
strates for CPKs because several CPKs have been recently characterized
as central regulators of immune responses [14,40,41], but their substrates
have to be determined.Moreover, the possibility to activate and inactivate
the ACAs by two distinct Ca2+ sensor proteins enhances the importance
of Ca2+ in the feedback control of Ca2+ transport systems.
Collectively, these data reveal a central role for CaM in the regulation
of Ca2+ channels and pumps, like CNGCs and ACAs,whose activities can
bemodulated by additional regulatory events such as ligand binding or
phosphorylation. The multiple regulatory properties of CNGCs and
ACAs, their diverse sub-cellular locations and tissue-specific expression
patterns provide a great flexibility for modulating Ca2+ oscillations. A
future challenge is to decipher how Ca2+ influx and efflux processes
occurring at different cellular membranes are coordinated to generate
a stimulus-specific Ca2+ signal.
3. Function of CaM isoforms and CMLs in plant immunity
Unlike animals, plant genomes generally contain CaM genes en-
coding several typical CaM isoforms and genes for divergent forms of
CaM, called CaM-like proteins (CMLs). For instance, 3 distinct CaM
isoforms and 50 CMLs are predicted from the Arabidopsis genome [42].
Despite potential redundancy betweenmembers of the CaM/CML family,
accumulating evidence indicates that deregulation of CaM/CML gene ex-
pression or loss of CaM/CML function in mutated plants strongly affects
immune responses (Table 1). Down-regulation of the expression of path-
ogen induced-CaM isoforms, such as NtCaM1 and NtCaM13, was found
to differentially impact disease resistance in tobacco [43]. Thus, silencing
the expression of NtCaM13 enhanced plant susceptibility to viral, bac-
terial and fungal pathogens while knockdown of NtCaM1 did not.
Conversely, transient overexpression of pepper CaM1 activates the pro-
duction of reactive oxygen species and NO, and induces the appearance
of HR-like lesions and the expression of defence-related genes in pepper
leaves, leading to a local resistance to bacterial pathogens [44]. Genetic
evidence for the implication of CMLs in plant immunitywas also recently
reported through silencing the expression of APR134, a CML gene in to-
mato, that results in the suppression of HR, whereas overexpression of
CML 43, an ortholog of APR134 in Arabidopsis, accelerates the HR [45].
CML24-knockout mutation in Arabidopsis also impairs the HR to an avir-
ulent strain of Pst and reduces the generation of NO induced by lipopoly-
saccharides, which are bacterial components acting as PAMPs [46].
Arabidopsis CML9 contributes to plant immune responses, as demon-
strated by the enhanced and reduced susceptibilities displayed re-
spectively by cml9 mutants and overexpressors in response to virulent
strains of Pst [47]. This phenotype is defined by alterations in flg22-
induced responses, including deposition of callose papillae and expres-
sion of defence-related genes. Other genetic studies have shown that a
tobacco CML termed rgs-CaM (for regulator of gene silencing) plays a
role in antiviral defence bymodulating RNA silencing, a general plant de-
fence strategy against viruses [48]. All these observations provide strong
evidence for the involvement of CaM isoforms and CMLs in several
Table 1
Examples of CaM and CMLs involved in plant immunity. The biological effect of gene mu-
tation or modulation of CaM/CML expression is given, together with the gene name and
the organism. Pst: Pseudomonas syringae pv. tomato, HR: Hypersensitive Reaction.
Gene
name
Plant
species
Experimental
evidence
Biological effect Reference
CaM1 Capsicum
annuum
Transient
expression
Local resistance to
Xanthomonas campestris
pv. vesicatoria
[44]
CaM13 Nicotiana
tabacum
Virus-induced
gene silencing
Enhanced susceptibility to
tobacco mosaic virus,
Ralstonia solanacearum,
Rhizoctonia solani
[43]
Rgs-CaM Nicotiana
tabacum
Knockdown/
overexpression
Impaired resistance to
cucumber mosaic virus
[48]
APR134 Solanum
lycopersicum
Virus-induced
gene silencing
Loss of HR to avirulent Pst
(avrPto)
[45]
CML43 Arabidopsis
thaliana
Overexpression Accelerated HR to avirulent
Pst (avrRpt2)
[45]
CML24 Arabidopsis
thaliana
Point mutation Impaired HR to avirulent
Pst (avrRpt2)
[46]
CML42 Arabidopsis
thaliana
Insertional
mutation
Enhanced resistance to
Spodoptera littoralis
[67]
CML9 Arabidopsis
thaliana
Insertional
mutation/
overexpression
Impaired susceptibility to
virulent Pst
[47]
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aspects of plant immunity. Moreover, recent studies focusing on CaM/
CML interacting proteins have highlighted detailed mechanisms of
CaM/CML regulation of plant immunity, as described hereafter.
Searches for CML binding proteins by screening approaches have re-
vealed that, like CaM, CML9 can bind various proteins including diverse
transcription factors [49–51]. Some of these potential targets are unique
to CML9 and closely related CMLs, whereas others are common to CaM.
It is worth noting that CML9 interacts in plant cells with transcription
factors such as WRKYs and TGAs, two classes of transcription factors
known to play key roles in the regulation of disease resistance. Howev-
er, the effects of CML9 on the activity of these transcription factors are
yet to be elucidated. Among other CML interacting proteins, ATG4b, a
cysteine protease involved in cell autophagy, was recently identified
as a specific CML24 binding protein [52]. Comparative analysis of
ATG4 activity in cml24 mutant and wild-type plants suggests that
CML24 is required for the regulation of ATG4 activity. ATG4b is a possi-
ble target associated to the role of CML24 in the HR, because knockout
atgmutants, like cml24mutants, display defects in the HR [53]. Surpris-
ingly, the tobacco CML (rgs-CaM), involved in the regulation of
virus-induced RNA silencing, was found to directly interact with virus
RNA silencing suppressors [48], thus providing the first example of in-
teraction between a plant CML and a pathogen protein. Plants use
RNA silencing as a defence strategy against viruses by promoting the
cleavage of viral double-stranded RNA into short interfering RNAs
(siRNAs)which then silence the expression of viral RNAs [54]. However,
viruses possess RNA silencing suppressors (RSSs) which weaken the
host defence response. RSSs bind to siRNAs and block their action. As
observed in the ETI, plants have developed proteins that can detect
viral RSSs, and a direct interaction of rgs-CaM with diverse RSSs has
been observed in tobacco cells. Rgs-CaM was found to inhibit siRNA
binding to RSSs, and to facilitate the recruitment and the degradation
of RSSs into auto-lysosomes [48,55]. These data represent a unique ex-
ample suggesting that Ca2+-mediated regulation of plant defence can
occur through the interaction of a plant Ca2+ sensorwith pathogenpro-
teins. To date, searches for CaM/CML target proteins have mainly fo-
cused on the interaction of the Ca2+ sensors with plant proteins.
However, current studies on the identification of plant proteins targeted
by pathogen effectors might provide new findings on the ability of CaM
and CMLs to interact with microbe proteins.
Other studies on CaM binding proteins have highlighted the role of
CaM in the control of expression of defence-related genes. Mounting
plant defence depends on massive changes in gene expression in
order to favour defence responses over other cellular functions, and
the coordination of this transcriptional reprogramming is conferred by
the concerted action of a variety of transcription factors (TFs) [56]. In
plants, CaM binding TFs have been identified in diverse families of
DNA binding proteins including plant-specific TF families [57]. Func-
tional analyses of pathogen-induced TFs have revealed key roles of sev-
eral CaM binding TFs in plant immunity [58]. Notably, the function of
some CaM binding TFs was found to link Ca2+ signalling and salicylic
acid (SA), a defence hormone required for both PTI and ETI [59]. Patho-
gen infection induces the production of SA by up-regulating the expres-
sion of two genes (ICS1 and EDS1) involved in SA biosynthesis, and
recent studies indicate that expression of ICS1 and EDS1 is positively
or negatively controlled by CaM-binding TFs (Fig. 2). Knockout muta-
tion in CBP60g, a plant-specific CaM binding TF, results in defects in
pathogen-induced SAproduction and ICS1 expression, and an enhanced
susceptibility to the bacterial pathogen Pst [60]. Importantly, comple-
mentation of the cbp60g mutant background with a mutated CBP60g
protein, impaired in CaM binding, does not restore SA production and
defence, thus indicating a critical role of CaM in CBP60g function in
the control of SA level and defence. Additional analysis indicates that
CBP60g and SARD1, another member of the same TF family, are
recruited to the promoter of ICS1 gene after pathogen infection,
suggesting a direct regulation of ICS1 transcription by these TFs
[61,62]. EDS1 gene is another positive regulator of SA level, whose ex-
pression is negatively regulated by CAMTA3 (also called SR1), a CaM
binding transcription activator. Plants lacking a functional CAMTA3 dis-
play an elevated level of SA, a high expression of EDS1, and constitutive
defence responses [63]. As observed with CBP60g, complementation
experiments have shown that CaM binding is required for the function
of CAMTA3 in the control of SA production and defence. CAMTA3 was
also shown to bind the promoter of EDS1 to repress its expression. Col-
lectively, this suggests that CaM binding TFs are key modulators of
pathogen-induced SA production, which act by exerting opposing
effects on the expression of SA biosynthesis genes. Thus, Ca2+/
CaM-mediated signalling promotes the production of SA and SA-
dependent defence, but also prevents an over-accumulation of the hor-
mone, that could lead to deleterious effects in normal conditions. Other
studies have revealed additional roles of CAMTA3 in defence, such as
the direct regulation of the expression of NDR1, a key component in
ETI, and the regulation of genes involved in the metabolism of
glucosinolates [64,65]. Glucosinolates are secondary metabolites acting
as a chemical defence against herbivores, and their production induced
by a herbivory attack, was also found to be regulated by CML42 in
Arabidopsis [66,67]. Other CaM binding TFs including several members
of TGA, WRKY, MYB and NAC families have been reported to positively
or negatively regulate plant defence responses, but the effects of CaMon
Fig. 2. Role of Ca2+ and CaM binding transcription factors in regulating the expression of NDR1 and SA biosynthetic genes, EDS1 and ICS1. Details are given in the text.
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the function of these TFs are poorly understood [56,58]. Overall, the fact
that CaM is involved in the modulation of positive and negative
effectors of defence reveals a pivotal role of CaM in tuning immune
responses.
4. Concluding remarks and future directions
Despite the fact that CaM has been a subject of research for many
years, our understanding of CaM/CML-mediated signalling in plants is
still far from complete. Over recent years, significant advances in the bi-
ological function of individual CaM isoforms and CMLs have been
achieved by phenotyping knockout mutants. Given the diversity of
CMLs in plants, it will be difficult to define the biological role of each
CML, but gene expression analysis, sub-cellular localization of proteins
and isolation of targets will provide valuable information to evaluate
the distinct functions of CMLs and their contribution in conferring spec-
ificity in Ca2+ signalling. Only few of them have been studied for their
biochemical properties; therefore, much remains to be done to demon-
strate that CMLs function as true Ca2+ sensors by defining their re-
spective Ca2+ binding properties. There is also a need to explore the
biological functions of CaM/CML binding proteins and the relevance of
protein complex between CaM/CML and their interacting partners in
plant cells. Significant advances in Ca2+-mediated regulation of gene
expression at the transcriptional and post-transcriptional levels have
been achieved by recent studies of several CaM/CML targets [45,46].
Given that different members of the CaM/CML family and other classes
of Ca2+ sensors, like CPKs and CBLs, often function in the samephysiolog-
ical processes, the connections between these Ca2+ signalling systems
need to be explored to decipher how they are coordinated. Moreover,
Ca2+ signalling is also connected with other signalling pathways, and
hubs where Ca2+ signalling and hormone-mediated pathways converge,
are now emerging. Deciphering integration and crosstalks between the
myriad of signalling systems involved in the regulation of plant physiolo-
gy remains a challenge for forthcoming studies.
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Figure I.II. 1: Alignement des séquences d’AtCML9 et de la forme typique de CaM, AtCaM2
AtCML9 présente 49% d’identité avec la forme typique de CaM et 70% de similarité.
En noir sont représentés les acides aminés identiques, en gris les acides aminés de même nature. Les 4
motifs EF-Hands sont encadrés.
AtCaM2 
AtCML9 
consensus 
AtCaM2 
AtCML9 
consensus 
AtCaM2 
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consensus 
Figure I.II. 2: Localisation subcellulaire d’AtCML9 par expression transitoire dans des cellules
épidermiques de Nicotiana benthamiana.
Images de microscopie confocale réalisées 48h après transformation des cellules épidermiques de
tabac avec une construction portant CML9 en fusion avec la protéine fluorescente CFP. Les clichés de
gauche illustrent l’acquisition de fluorescence de la CFP (465-505 nm). A droite est présentée la
superposition de cette observation avec celle faite par Nomarski (ou contraste interférentiel différentiel).
La flèche indique la présence du noyau.
CML9-CFP
Cytoplasme
Noyau
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Figure I.II. 3: Localisation subcellulaire de PRR2 et interaction CML9/PRR2 in planta (Thèse
Perochon, 2010)
a. Localisation subcellulaire de PRR2 par expression transitoire dans des cellules
épidermiques de N. benthamiana
Images de microscopie confocale réalisées 48h après transformation des cellules épidermiques de
tabac avec les constructions portant CML9, PRR2, ou ARR10 en fusion avec les protéines
fluorescentes YFP ou CFP. Les clichés de gauche illustrent l’acquisition de fluorescence de l’YFP
(525-600 nm) ou de la CFP (465-505 nm). A droite, est présentée la superposition de ces
observations et de celles faites par Nomarski.Les flèches indiquent la présence des noyaux.
b. Mesure de l’interaction in planta entre PRR2 et CML9 par FRET/FLIM.
Histogramme représentant les valeurs moyennes de temps de vie de fluorescence (τ) de la CFP). 
Les valeurs moyennes présentées correspondent à la mesure d’au moins 60 objets (noyaux) répartis 
en trois répliques biologiques. Les barres d’erreur représentent l’écart à la moyenne. Toutes ces 
données ont été soumises à traitement statistique à l’aide du logiciel statgraphics, le seuil de
significativité est indiqué au dessus des histogrammes (**P < 0.01).
CFP lifetime in nanoseconds
CML9 CFP
CML9 CFPARR10 YFP +
PRR2 YFP CML9 CFP+
2,0 2,2 2,4
*
*
a
b
 53
PARTIE I : INTRODUCTION 
 
CHAPITRE III : Travaux antérieurs et objectifs de thèse 


0*00># #!#!1D

)
$BCCD

.
1

%111%

 ()N  !!> *
 1
 1
1
 =     
 1
  7
2()
1$!!.
$V"

1$
1>*
<
1
"! ,")#(1$11%
()N!!


72()B
6D>

)%

1.111!!
	%/
- ..1 $ %
 ()
   (>   ..<  
  ()N< !! 
 


	%/$%
()
/()Q()<

$()C$(> .< 11
1$		8$
  
 
1.  

8  
%  . 
 $  .

%> ..<
1
%
111
1

		$..1
.
1
!!()N.%.
.



	>
$1$-

1


	%<
1

1%$.!!<
		

%$()N()Q>

<%
1
%
1
1
 %%%

1$

!!
()N>

!! 

- 
 
 1

 % .  
<  

1
  1/  
 . 	/ 
  1
> 
 $ 
 

= %-
()NA1/
 %$1!!
.


/1>

 1
1<%
	
$()N<()%21

..1
1




 /
1.$..1

/
1/

$
1

/$(>




1.
<11.1-.
1/1

.F!!>

1


-$	




	()N!!


/F

 #( 9 "# 7  $2(!""%!9 3-"# > ( (( !" !9 " !" !94 ( 7
 #!(1D 0!# -!### /!(I

 J(("# ("(((!("# K(1D 0#(#"# 7 $2(!""%!9
"##I

( ?  -
 1 
  / 
$  
  1   = 



>


 5S
PARTIE I : INTRODUCTION 
 
CHAPITRE III : Travaux antérieurs et objectifs de thèse 

@*; !+(";  $&(
)A()N!!111$1

1

1.

%
-2%//-7',>

 ..<

1

1
//1A()N


1

 = ..1
 /
 /-
<  7',>  
   
   
-1-
< ?%	1
 
=
  
.7!F 
  	  
   D *(2!#%  	 $   1 
-

%1)	)>6>>)
$

1%
.A

 /- 1>   %1    ..1
 /1
 1> B
 1
<
/1




11
D1
=',=
(

  /-> )
 1

   -    $  . %	? %
	 
   5  BCD 1 H1D> # 	!"(!( "!#/!5 " !#>
"# ! (  " #  !##  !#! 2  $"%$  +%!#/##  (!%#!#%  $L2I> )

1

	1
.%	?.<'(%1

>

6

 1

1 
= 

  $/(( 

 1$1 
  .<'(% >  1	   -
< 
 .
 
	
 
 
11-
.$
=1/

.
	/  
  1$   1
  


  %$> 6% 
1

	
"2	
00B=1
 


II,KD
1$1
=
..1

	
B7',(
D>

)
 1

 	
 % 
 %1 %-
  !!  @ 1

 
 1

 = 
 /
 /-
  7',>   
1< ?%   
	

1	(( B
1
</1
!4



D

	 D *(2!#% B.<'(% D> 
 $ % 
  . %-
  !!
 @ 

	  /
 ?
   1/  %

 
 /-
 
1
=*5CCC>6%"(( 

"2	
/
 
 
 /	  1
 =  

 
<  ./  
 






1$B.<'(%D>




- 0 + ++--
Tableau I.1: Illustration de l’induction d’AtCML9 par différents stimuli.
Représentation schématique de l’expression du gène AtCML9 chez Arabidopsis thaliana au cours de
différentes expériences de transcriptome. L’induction du gène AtCML9 au cours des temps testés, a été
représentée par des boites de couleurs illustrant le niveau relatif d’induction du gène. Les données
sont issues de puces Affymetrix 22K.
Induction
Pathogènes
Eliciteurs
Points de cinétiques testés
Points de cinétiques testés
Expériences
Expériences
Phytophthora parasitica
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SUMMARY
Many stimuli such as hormones and elicitors induce changes in intracellular calcium levels to integrate
information and activate appropriate responses. The Ca2+ signals are perceived by various Ca2+ sensors, and
calmodulin (CaM) is one of the best characterized in eukaryotes. Calmodulin-like (CML) proteins extend the
Ca2+ toolkit in plants; they share sequence similarity with the ubiquitous and highly conserved CaM but their
roles at physiological and molecular levels are largely unknown. Knowledge of the contribution of Ca2+
decoding proteins to plant immunity is emerging, and we report here data on Arabidopsis thaliana CML9,
whose expression is rapidly induced by phytopathogenic bacteria, flagellin and salicylic acid. Using a reverse
genetic approach, we present evidence that CML9 is involved in plant defence by modulating responses to
bacterial strains of Pseudomonas syringae. Compared to wild-type plants, the later responses normally
observed upon flagellin application are altered in knockout mutants and over-expressing transgenic lines.
Collectively, using PAMP treatment and P. syringae strains, we have established that CML9 participates in
plant innate immunity.
Keywords: calmodulin-like protein, flagellin, callose, Pseudomonas syringae, Arabidopsis thaliana.
INTRODUCTION
Plants are sessile organisms that rely on complex
multi-layered signalling pathways to cope with adverse
environmental conditions or pathogenic micro-organisms.
In this context, plants have developed effective defence
mechanisms to detect and suppress the growth of invad-
ing pathogens (Zipfel and Felix, 2005; Bittel and Robatzek,
2007; Boller and Felix, 2009). The first level of defence re-
sponses is initiated by perception of extracellular con-
served microbial features called pathogen-associated
molecular patterns (PAMPs). In bacteria, these PAMPs in-
clude molecules such as flagellin, lipopolysaccharides and
the bacterial translation elongation factor EF-Tu (Boller and
Felix, 2009). Plants have developed the ability to recognize
PAMPs using specific plasma membrane-localized recep-
tor-like kinases that initiate rapid changes such as calcium
transients, phosphorylation of target proteins, production
of reactive oxygen species (ROS) and transcription of
defence-related genes (Zipfel, 2009). FLS2 is a receptor that
perceives a conserved 22 amino acid peptide (flg22) from
bacterial flagellin and activates downstream events such
as MAPK cascades and WRKY transcription factors in
Arabidopsis thaliana (Asai et al., 2002; Gomez-Gomez and
Boller, 2002). The flagellin treatment also triggers later
defence responses such as deposition of callose at the cell
wall and production and accumulation of antimicrobial
components (Gomez-Gomez and Boller, 2000, 2002; Clay
et al., 2009). Perception of PAMPs induces a resistance
response that restricts growth of the bacterial invader
when the PAMP responses occur with sufficient speed and/
or strength to prevent the bacterial pathogen from
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becoming established (Zipfel et al., 2004). However, some
virulent pathogens have evolved strategies to interfere
with host immune systems; for instance, Gram-negative
bacterial pathogens are able to counteract this first layer of
defence through the activity of specific effectors delivered
inside the host cell through the type III secretion system
(TTSS). In this case, multiplication of the bacteria in the
host plant will lead to development of disease (Chisholm
et al., 2006).
When plant cells are challengedwithmicrobes, elicitors or
abiotic stimuli, specific patterns of intracellular Ca2+ varia-
tions, called signatures, are generated. These calcium vari-
ations are at the origin of signalling cascades that ultimately
establish appropriate physiological responses (Lecourieux
et al., 2006). Several studies have demonstrated an essential
role for Ca2+ during plant resistance to microbial pathogens
(Lecourieux et al., 2006). Using transgenic Arabidopsis
plants expressing aequorin, Grant et al. (2000) showed that
inoculation with virulent or avirulent strains of Pseudomo-
nas syringae pv. tomato (Pto) elicits different patterns of
cytosolic Ca2+ increases. Similarly, various calcium signa-
tures have been described in plant cell–elicitor systems
(Lecourieux et al., 2006), and purified elicitors or PAMPs
such as flg22, elongation factor peptide or peptidoglycan
have also been reported to induce Ca2+ signatures that may
be associated with defence-related gene expression (Lec-
ourieux et al., 2005; Aslam et al., 2009; Ranf et al., 2011).
Although it remains unclear how Ca2+ signatures are
decoded, there is a growing body of evidence indicating that
Ca2+ is a key messenger during plant immune response to
pathogens (Defalco et al., 2010). Ca2+-binding proteins, such
Ca2+-dependent protein kinases, or calcineurin B-like pro-
teins or calmodulins (CaM), serve as sensors to detect and
translate Ca2+ signals and activate specific downstream
pathways (Defalco et al., 2010). Biochemical and transcript
expression studies of CaMs and functional analyses of CaM
targets showed that various CaM target proteins such as
AtSR1/CAMTA3, a calmodulin-binding transcription factor,
and CBP60g contribute to plant immunity through modula-
tion of salicylic acid levels (Galon et al., 2008; Du et al., 2009;
Wang et al., 2009). Interestingly, plants have evolved a large
repertoire of putative Ca2+ sensors, termed CMLs (calmod-
ulin-like), that are closely related to CaM (McCormack and
Braam, 2003; Ranty et al., 2006). To date, only a few studies
have examined the role of CMLs (Heo et al., 1999; Chiasson
et al., 2005; Ma et al., 2008). Heterologous over-expression
of two pathogen-induced soybean CML genes, SCaM-4 and
SCaM-5, in tobacco and Arabidopsis correlates with en-
hanced pathogen resistance (Heo et al., 1999; Park et al.,
2004). Remarkably, there are 50 predicted CMLs in Arabid-
opsis, but most of these proteins remain unstudied (McCor-
mack and Braam, 2003; Perochon et al., 2011). Recently,
certain Arabidopsis CMLs were functionally characterized
and it was found that some are involved in plant stress
responses (Delk et al., 2005; Magnan et al., 2008) and/or are
associated with defence-related processes (Chiasson et al.,
2005; Ma et al., 2008). Genetic and functional studies of plant
CMLs are thus essential to understand how Ca2+ signals are
decoded during host–pathogen interactions. Previous work
by de Torres et al. (2003) showed that CML9, an A. thaliana
gene encoding a calmodulin-like protein, is induced early
upon P. syringae inoculation. CML9 is a 151 amino acid
protein that shares 46% amino acid sequence identity with a
typical CaM bearing four predicted Ca2+-binding sites. This
CML was reported to bind Ca2+ (Kohler and Neuhaus, 2000)
and to fulfil, under certain conditions, the role of CaM by
complementation of a yeast CaM null mutant (Zielinski,
2002), suggesting that CML9 may act as a Ca2+ sensor. In a
previous study, we showed that CML9 acts as a negative
regulator in abiotic stress such as water deficit (Magnan
et al., 2008), and here we report that the CML9 gene is also
responsive to P. syringae and to exogenous PAMP applica-
tion. Using a loss- and gain-of-function strategy, we show
that CML9 contributes to plant immunity in response to
phytopathogenic bacteria through a flagellin-dependent
pathway.
RESULTS
CML9 gene expression is responsive to the phytopatho-
genic bacteria P. syringae (Pto DC3000) through PAMP- and
SA-associated signalling pathways
To determine CML9 gene expression in response to phyto-
pathogenic bacteria,A. thaliana (Col) plants were inoculated
with the virulent P. syringae pv. tomato (Pto) strain DC3000.
CML9 transcript levels were then analysed using quantita-
tive RT-PCR. Pto foliar infiltration resulted in a moderate
(twofold) but significant up-regulation of CML9. This induc-
tion was transient as gene expression returned to resting
levels by 1–3 h post-inoculation (Figure 1a).
It is well established that phytohormones such as ethyl-
ene, salicylic acid (SA) and jasmonic acid (JA) contribute to
the coordination of plant defence reactions (Pieterse et al.,
2009). To obtain information about CML9 gene regulation by
these compounds, the CML9 gene expression level was
analysed in wild-type (WT) plants (Col), as well as inmutants
altered in the production of SA (sid1 and sid2), JA signalling
(jar1) and ethylene perception (ein2) following inoculation
with Pto DC3000. The contribution of two PAMP receptors
(FLS2 and EFR), involved in perception of flagellin and the
elongation factor EF-Tu, respectively, were also evaluated
with regard to the regulation of CML9 using their respective
mutants (Figure 1b). As indicated in Figure 1(a), inoculation
by the virulent bacterium induced a peak of CML9 gene
expression after 30 min. This level of induction was not
modified in ein2, jar1 and efr mutants, indicating that the
induction of CML9 in response to Pto is independent of
signalling pathways involving ethylene, JA or the functional
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receptor EFR. In contrast, data showed that alteration of SA
production in sidmutants, as well as the abolition of flagellin
perception, led to significant reduction or elimination of the
induction of CML9 (Figure 1b). Because expression of the
CML9 gene is modulated in an SA-dependent manner
during the A. thaliana–Pto interaction, the effect of exo-
genous application of SA (100 lM) on CML9 expression was
quantified using in vitro cultivated plantlets (20 days old)
(Figure 1c). As a control, we confirmed that application of SA
led to strong expression of the PR1 gene (45-fold) 9 h post-
treatment but mock treatment caused no change (Fig-
ure S1a). The CML9 gene exhibited early induction of
expression 30 min to 1 h after the treatment (up to threefold
induction) (Figure 1c). These data indicate that up-regulation
of CML9 may be exerted by SA, which is already known to
play a key role in plant defence responses against P. syrin-
gae.
The results reported in Figure 1(b), as well as the infor-
mation already available (Navarro et al., 2004; Zipfel et al.,
2004), suggest an important contribution of the FLS2-
dependent signalling pathway in control of CML9 expres-
sion. Accurate analysis of this regulation was performed by
exogenous application of the flg22 peptide to A. thaliana
growing in vitro (Figure 1d). CML9 was rapidly (30 min) and
strongly induced (fivefold induction) after the flg22 treat-
ment, and this induction was transient because the level of
expression returned to its initial state after 3 h. CML9 gene
expression was not induced by the flg22 peptide in the fls2
mutant, indicating that flg22-mediated CML9 induction
requires FLS2 (Figure 1d).
The early and transient induction of CML9 gene expres-
sion in response to Pseudomonas, SA and flg22 suggests
that CML9 is associated with plant defence.
Physiological relevance of CML9 in the A. thaliana–
P. syringae interaction
To evaluate whether CML9 contributes to plant defences, a
reverse genetic approach using two T-DNA insertional
mutants, cml9-1 (Col-8 background) and cml9-2 (Ws4 back-
ground), was developed. These mutants were previously
characterized, and the insertionswere shown to result in lack
of full-length CML9 transcripts (Magnan et al., 2008). In this
study, transgenic Arabidopsis plants (Col) that express the
coding sequence of CML9 under the control of the 35S
.
.
.
.
.
.
.
(a) (b)
(c) (d)
Figure 1. Expression profiles of the CML9 gene in response to pathogen inoculation, PAMP and hormonal treatments.
(a) Leaves of 4-week-old Col plants were inoculated with Pto DC3000 at 107cfu mL)1. Samples were collected at 0, 0.5, 1 and 3 h post-inoculation, and CML9 gene
expression was analysed by quantitative RT-PCR.
(b) CML9 expression was monitored upon Pto DC3000 inoculation in mutants defective in SA production (sid1 and sid2) or JA (jar1) and ethylene (ein2) signalling
pathways, and also mutants altered in flagellin (fls2) or EF-Tu (efr) perception. Asterisks indicate significant changes of CML9 gene expression in these different
genetic backgrounds compared with Col (ANOVA, P value <0.05).
(c) Kinetics of CML9 expression in response to exogenous application of SA (100 lM). Two-week-old seedlings (Col) cultivated onMSmediumwere sprayedwith SA
or water and harvested at the indicated times.
The results illustrated in (a–c) are expressed as fold change relative to mock treatment. Data illustrate the average of three independent experiments with standard
deviation.
(d) Kinetics of CML9 gene expression in WT (Col) and the fls2mutant in response to exogenous application of flg22. In vitro cultivated seedlings (10 days old) were
elicited using 1 lM of flg22 and harvested at 0, 0.5, 1 and 3 h. The results are fold changes relative to mock treatment (water-treated seedlings), and the values are
means  SD for four independent experiments.
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promoter (p35S::cdsAtCML9) were generated. Two
independent lines (OE-CC-2 and OE-CC-5) harbouring con-
stitutive and stronger expression of the transgene compared
to the WT under control conditions were selected (Fig-
ure S2). Under standard culture conditions, neithermutation
of CML9, as reported by Magnan et al. (2008), nor over-
expression of CML9 had a significant impact on plant growth
and morphology (Figure S2).
The behaviour of the cml9 genotypes [knockout mutant
lines (cml9-1 and cml9-2) and over-expressors of AtCML9
(OE-CC-2 andOE-CC-5)] was compared toWT ecotypes Col-8
and Ws4 when inoculated with virulent strains of either Pto
(DC3000) or P. syringae pv. maculicola (Pma). Leaves of
4-week-old Arabidopsis plants were hand-infiltrated with
bacterial inoculum (2 · 105 cfu mL)1). The cml9 genotypes
exhibited a different response to Pto DC3000 as chlorosis
and water-soaked patches associated with disease develop-
ment were more pronounced after 5 days in cml9-1 than in
WT, and appeared delayed in transgenic lines OE-CC-2 and
OE-CC-5 over-expressing CML9 at 7 days post-inoculation
(dpi) (Figure 2a). Experiments performed with the Ws4
ecotype showed similar results, with a greater sensitivity
to Pto DC3000 in cml9-2 compared to WT (Figure S3a).
Quantification of in planta bacterial growth in inoculated
leaves indicated that no difference between the genotypes
was observed just after infiltration (Figure 2b, 0 dpi). The
cml9-1 mutant plants displayed an approximately 2.5-fold
increase in bacterial titre compared to Col-infected plants at
3 dpi (Figure 2b). The second allelicmutant line (cml9-2) also
exhibited a significant increase of in planta bacterial growth
at 3 dpi compared to WT (Figure S3b). In contrast, a
statistically relevant decrease in bacterial growth was
observed in the over-expressing lines (Figure 2b). Using
the crucifer pathogen strain, P. syringae pv. maculicola,
similar results were obtained (Figure 2c). Enhanced suscep-
tibility was observed in the cml9-1 knockout mutant
compared to WT, and increased resistance was observed
in OE-CC-2 and OE-CC-5 lines (Figure 2c). Collectively, these
data indicate that modulation of CML9 gene expression (i.e.
knockout and over-expressing lines) provokes changes in
susceptibility.
Expression of defence-associated marker genes in cml9
genotypes following P. syringae infection
Expression analyses of various well-known defence-associ-
ated genes were performed in leaves of Col, cml9 mutant
and over-expressing plants at various time points before and
after inoculation with Pto DC3000. The expression of two
(a)
(b)
(c)
Figure 2. Altered susceptibility to P. syringae in cml9mutants and transgenic
lines over-expressing the CML9 gene.
(a) Disease symptoms in Arabidopsis leaves (WT, cml9-1 and CML9 over-
expressing lines) caused by Pto DC3000 infection. Leaves of 4-week-old plants
were syringe-infiltrated with 2 · 105 cfu mL)1 Pto DC3000, and photographs
were taken 7 days post-inoculation. Arrows indicate the half of the leaf that
was inoculated.
(b, c) Quantifications of in planta bacterial growth were performed at 0 or 3 dpi
using Pto DC3000 (b) or P. syringae pv. maculicola (Pma) (c). In these
experiments, leaves were syringe-infiltrated with 105 cfu mL)1 Pto DC3000 or
Pma. Data are representative of five replicates of three independent exper-
iments. P values were calculated using the two-tailed Mann–WhitneyU test to
indicate significant differences between the genotypes. Asterisks indicate
significant differences compared to Col at P < 0.05. Error bars represent SEM.
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defence-associated marker genes PR1 and ICS1 is illustrated
in Figure 3(a,b). The results obtained indicate that the PR1
gene expression level is altered in the over-expressing lines,
with significant up-regulation 24 h post-inoculation com-
pared to WT (Figures 3a and S4a). Expression of ICS1,
encoding an isochorismate synthase involved in SA bio-
synthesis, was also analysed (Figure 3b). The results
showed no significant differences between WT and other
genotypes. The work presented here suggests that CML9 is
connected with PAMP-triggered immunity (PTI). Moreover,
as expressionof PR1, a marker gene of the SA pathway, is
altered in cml9 genotypes, and because it was established
that SA acts as a positive regulator of PTI (Tsuda et al., 2008),
we determined whether SA production is modified in cml9
genotypes. Quantification of the biologically active form of
SA was performed by UPLC/ESI Q-TOF in WT, cml9-1 and
OE-CC-5 genotypes following Pto inoculation. As already
reported (de Torres Zabala et al., 2009), a significant in-
crease in SA content was observed 24 h post-inoculation,
but no difference was observed among the genotypes (Fig-
ure 3c). These data suggest that, if CML9 contributes to the
SA pathway, it participates in SA signalling rather than SA
production.
CML9 acts as a positive regulator of plant defence when
bacterial effectors counteract PAMP-triggered immunity
For a better understanding of the contribution of CML9 to
plant immunity and the signalling processes associated with
CML9, different derivative strains of P. syringae were used.
Plants were first inoculatedwith the PtoDC3000 hrcC) strain,
a mutant deficient in the type III secretion system (TTSS)
that is necessary for effector delivery into host cells
(Figure 4a) (Yuan and He, 1996). Compared to the virulent
Pto DC3000, the hrcC) strain is unable to counteract the first
level of plant defence triggered by perception of PAMPs. The
behaviour of cml9-1 and over-expressing lines was analysed
following foliar inoculation with the hrcC) strain, and, as
expected, limited bacterial growth was observed in WT
plants (Figures 4a and S3B) (Yuan and He, 1996) compared
to the fully virulent bacteria (see Figure 2b). No significant
differences were detected between WT and the knockout
mutant lines cml9-1 and cml9-2 (Figures 4a and S3B). In
contrast, the over-expressing lines OE-CC-2 and OE-CC-5
exhibit a significantly higher sensitivity to strain Pto DC3000
hrcC) than the WT (Figure 4a).
Because the Pto hrcC) strain does not efficiently suppress
the basal level of defence in Arabidopsis, we evaluated the
contribution of CML9 to callose deposition and PR1 gene
expression, two markers of PTI, with Pto DC3000 or Pto
hrcC). Mock treatment did not induce significant changes in
callose deposition on the leaves of the genotypes tested
(Figure 4b). As expected, callose deposition is enhanced in
WT plants inoculated with Pto hrcC) but not with Pto
(Figure 4b). No significant differences between the number
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Figure 3. Expression analysis of defence marker genes and SA quantification
in cml9 genotypes upon P. syringae inoculation.
(a, b) Analyses of PR1 (a) and ICS1 (b) marker genes in various genetic
backgrounds. Leaves of WT (Col), the knockout mutant cml9-1, and OE-CC-5
were syringe-infiltrated with 2 · 105 cfu mL)1 Pto DC3000 and harvested at 0,
12 and 24 h post-inoculation. The fold changes relative to the mock treatment
were determined by real-time PCR. The values are means  SD of four
independent experiments. The asterisk indicates a significant differences
compared to Col at P < 0.05.
(c) Quantification of SA levels in leaves of 4-week-old plants of A. thaliana
under control conditions or after inoculation with Pto. Leaves were syringe-
infiltrated with 107 cfu mL)1 Pto DC3000, and SA quantifications were
performed 12 and 24 h post-inoculation. Data were obtained in three
independent experiments, each with three technical replicates, and analysed
by ANOVA.
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of papillae were found following either mock or Pto DC3000
treatments in WT or the mutant cml9-1 (Figure 4b). In
contrast, in response to the hrcC) strain, the OE-CC-2 and
OE-CC-5 lines displayed a significant reduction in callose
accumulation (30–50%) (Figure 4b).
The expression pattern of the defence-associated marker
gene PR1 indicates that the PR1 gene is induced in the
cml9-1 genotype, with significant up-regulation 24 h post-
inoculation in comparison to WT or over-expressing lines
(Figures 4c and S4b). These data clearly indicate an opposite
regulation of PR1 gene expression in cml9 genotypes
(knockout versus over-expressing lines) when inoculated
with virulent Pto DC3000 or a ‘disarmed’ strain (TTSS-
deficient).
Collectively, these results indicate that responses
observed with Pto DC3000 are TTSS-dependent and there-
fore may involve the activity of bacterial effectors in plant
cells. Thus, CML9 restricts susceptibility to virulent Pto
DC3000, but has a less discernible effect on resistance to Pto
DC3000 mutants that cannot deliver effectors.
For further analysis, we used P. syringae pv. phaseolicola
1448a (Pph), a phytopathogenic bacterium of bean (Phaseo-
lus vulgaris) that is unable to efficiently suppress defence
reactions in A. thaliana (Arnold et al., 2011). Using a QTL
approach, Forsyth et al. (2010) established that the major
determinant of non-host resistance to Pph in A. thaliana is
FLS2. Therefore, the pathosystem A. thaliana–Pph is con-
sidered a classical model to study FLS2-mediated defences
and PTI. We examined the behaviour of cml9 genotypes
upon inoculation with the Pph 1448aWT strain. Significantly
enhanced bacterial growth was observed in the over-
expressing transgenic lines compared to WT (Figures 5a
and S3C). This is consistent with the behaviour of over-
expressing transgenic lines observed with the Pto DC3000
hrcC) strain because Pph is unable to efficiently suppress the
basal defence established by the Arabidopsis plants. As non-
host resistance against Pph is mainly dependent on flagellin
perception, we tested whether the behaviour of cml9 is
determined by activation of the flagellin signalling pathway
(a)
(b)
(c)
Figure 4. The cml9-1 mutant and the transgenic lines over-expressing the
CML9 gene exhibit altered responses to a disarmed strain of P. syringae.
(a) Quantifications of in planta bacterial growth in the Arabidopsis genotypes
were performed at 0 or 3 dpi using 106 cfu mL)1 of a strain of Pto DC3000
altered in the TTSS (hrcC)). Data are representative of five replicates of three
independent experiments. P values were calculated using the two-tailed
Mann–Whitney U test to indicate significant differences between the geno-
types. Asterisks indicate significant differences compared to Col at P < 0.05.
Error bars represent SEM.
(b) Quantitative analyses of callose deposition on WT leaves (Col) and cml9
genotypes using aniline blue staining after Pto DC3000 (107 cfu mL)1), Pto
DC3000 hrcC) (107 cfu mL)1) or water infiltration (control). Numbers of
callose papillae were quantified on inoculated leaves of 4-week-old Arabid-
opsis plants. Values are the mean number of callose spots per image  SEM.
Three independent assays were performed using three leaves harvested from
different plants for each genotype. Asterisks indicate significant differences
compared to Col at P < 0.05 (two-tailed Mann–Whitney U test).
(c) Analyses of PR1 gene expression in leaves of WT (Col), the knockout
mutant cml9-1, and OE-CC-5 syringe-infiltrated with 107 cfu mL)1 Pto DC3000
hrcC) and harvested at 0, 12 and 24 h post-inoculation. The fold changes
relative to the mock treatment were determined by real-time PCR. Values are
means  SD of four independent experiments. The asterisk indicates a
significant difference compared to Col at P < 0.05 (ANOVA).
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by using a Pph strain harbouring a fliC mutation (Pph DfliC).
When the Pph DfliC strain was inoculated into WT and cml9
knockout or over-expressing genotypes, the increase in
bacterial growth displayed by the Pph 1448a strain in the
expressing transgenic lines was no longer observed (Fig-
ures 5b and S3C). To check that the flagellin pathway was
responsible for these phenotypes,we co-inoculated the flg22
peptide and the Pph DfliC strain. Under these conditions, the
phenotype is reverted (Figure 5c), indicating that the increase
in Pph growth detected in the over-expressing lines depends
on the flagellin signalling pathway.
cml9 transgenic plants exhibit altered cellular and
molecular responses to flagellin application
Finally, to confirm the function of CML9 in a flagellin-
dependent signalling pathway, we used several assays to
evaluate both early and late physiological phenotypes
associatedwith PAMP-induced events (Gomez-Gomez et al.,
1999; Zeng and He, 2010). PAMP-induced production of
extracellular ROS was first evaluated. As expected, treat-
ment of WT (Col) by flg22 produces a transient increase in
ROS that is not observed in the fls2 mutant (Figure S5).
Tissues of cml9 and over-expressing lines produce similar
levels of ROS as the WT. This indicates that flg22-induced
ROS production was not altered in knockout or
over-expressing genotypes (Figure S5). Because PAMP
treatments also induce formation of callose papillae
(defence-associated cell-wall thickenings) (Bestwick et al.,
1995), phenotypic assays for flg22-induced callose re-
sponses were performed on cml9 genotypes (Clay et al.,
2009; Saijo et al., 2009). Aniline blue staining was used to
detect callose deposits on the cotyledons of Arabidopsis
seedlings treated with 1 lM flg22 (lower panel, Figure 6a).
Mutants lacking the functional flagellin receptor (fls2) did
not respond to flg22 treatment and callose deposition was
completely abolished compared to WT (Figure 6a,b). Quan-
titative and statistical analyses on cml9 genotypes exposed
to these treatments indicated that transgenic lines over-
expressing CML9 exhibited a significant lower number of
callose spots 12 h after flg22 application (Figure 6a,b) but no
significant differencewas observed between theWT ecotype
and the mutants (Figure 6b). These results show that flg22-
induced callose deposition is altered in the over-expressing
lines, suggesting a contribution of CML9 to the production
and/or deposition of callose.
The perception of flagellin by plant cells also leads to
important changes in gene expression (Navarro et al., 2004;
Zipfel et al., 2004). Quantitative RT-PCR analyses were
performed using mRNA from seedlings of Col, cml9-1 and
over-expressing lines prepared at various time points before
and after 1 lM flg22 treatment. Several genes known to
display early and late flg22-mediated induction were mon-
itored (Figure 7). As expected, all transcripts selected for
quantitative PCR analyses increased in Col seedlings after
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Figure 5. The cml9 susceptibility to P. syringae pv. phaseolicola is related to
the flagellin pathway.
(a, b) Leaves of 4-week-old plants of the various Arabidopsis genotypes were
syringe-infiltrated with 5 · 106 cfu mL)1 of the non-host strain of P. syringae
pv. phaseolicola (Pph) (a) or a strain in which the fliC gene, which encodes a
flagellin subunit, has been deleted (Pph Dflic) (b).
(c) Experiment performed as in (b) but the leaves were co-infiltrated with Pph
Dflic (5 · 106 cfu mL)1) and the flg22 peptide (1 lM).
Three independent biological repeats were performed with similar results,
and in planta bacterial growth were quantified on five plants of each
genotype. Statistical analyses were performed using the Mann–Whitney U
test. Asterisks indicate significant differences compared to Col at P < 0.05.
Error bars represent SEM.
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flg22 elicitation in an FLS2-dependent manner, confirming
that these genes are PAMP-responsive. Figure 7 presents
data for three representative genes. Transcript accumulation
ofWRKY29, a gene that exhibits early induction in response
to flagellin (Asai et al., 2002) is similar in mutant and
over-expressing lines and the WT ecotype after flg22 treat-
ment (from 0 to 3 h) (Figure 7a). We also monitored the
expression of late flg22-responsive genes at 12 and 24 h
post-treatment, such as ICS1, which encodes the isochoris-
mate synthase involved in SA production (Figure 7b). ICS1
expression was flg22-induced at 12 h in the Col ecotype
(Figure 7b), but this induction was not observed in the fls2
mutant, the cml9-1 knockout mutant or OE-CC-5 (Figure 7b).
In contrast, expression of PR1, a well-known defence marker
gene was highly altered in cml9 genotypes compared to the
WT (Figure 7c). PR1 gene expression exhibited a significant
increase in the cml9-1 mutant compared to WT and the
opposite effect was observed in the over-expressing line,
with a lower level of induction at 12 and 24 h post-treatment
(Figures 7c and S6).
All these analyses confirm that CML9 acts in a flagellin-
dependent signalling pathway tomodulate both cellular and
molecular processes that may be associated with plant
defence processes during PTI.
(a)
(b)
Figure 6. Callose deposition upon flg22 treatment is altered in transgenic lines over-expressing the cml9 gene.
(a) Detection of callose papillae on cotyledons of seedlings (Col, cml9-1, CML9 over-expressing lines and the fls2mutant) treated with flg22 (1 lM) (lower panel) or
mock-treated (upper panel). Scale bars = 100 lm.
(b) Histograms illustrate the numbers of callose papillae deposited on cotyledons of 10-day-old Arabidopsis seedlings. The experiments were performed using three
independent biological replicates, and each histogram represents the mean number of callose spots per cotyledon (SEM) analysed using 30 independent
cotyledons per genotype. Statistical differences between the genotypes are detected by ANOVA analysis followed by Tukey’s HSD test. Asterisks indicate significant
differences compared to Col at P < 0.05.
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DISCUSSION
In addition to well-known Ca2+ sensors such as CaM and
Ca2+-dependent protein kinases, CMLs extend the repertoire
of Ca2+ sensors in plants. In this study, we present a func-
tional analysis of CML9 that highlights the involvement of
CML9 in plant defence responses to phytopathogenic bac-
teria. The data reported suggest a role for AtCML9 in PTI
through a flagellin-dependent signalling pathway.
CML9 is transcribed in response to PAMP and phytopath-
ogenic bacteria
The CML9 gene was described to be mainly expressed in
leaves and vegetative tissues throughout the development of
A. thaliana (Magnan et al., 2008). This expression patternwas
shown to be finely controlled by environmental factors such
as abiotic stress and also by abscisic acid (Magnan et al.,
2008). We show here that regulation of AtCML9 gene expres-
sion also takes place in response to phytopathogenic bacteria
and PAMP treatment (flagellin). The up-regulation ofAtCML9
is dependent on SA production and also on a functional FLS2
receptor following plant inoculation with P. syringae. More-
over, according to de Torres et al. (2003), data from Gene-
vestigator (Hruz et al., 2008), and experiments performed by
our group, expression of the AtCML9 gene is also induced by
avirulent strains of Pto or the non-host bacteria Pph. All these
data are consistent with the over-representation of W-boxes
(six) in the AtCML9 promoter (Figure S7). The W-box
(TTGACC/T) is aWRKY transcription factor binding site that is
mainly found in plant defence-responsive genes (Eulgemand
Somssich, 2007). These W-boxes are over-represented in the
CML9 promoter region (four in the 500 bp upstream of ATG)
as statistical analyses estimate the frequency of occurrence of
W-boxes in the Arabidopsis genome to be 1.1 copies per
promoter (Maleck et al., 2000).
AtCML9 contributes to plant immunity
The expression profile of the AtCML9 gene leads to the
hypothesis that CML9 contributes to plant defence reactions.
The involvement of Ca2+ decoding proteins in plant immu-
nity is an emerging theme (Defalco et al., 2010), and recent
studies have established the contribution of Ca2+-dependent
protein kinases (Boudsocq et al., 2010) and some CaM-
binding partners to SA homeostasis or signalling (Galon
et al., 2008; Du et al., 2009; Wang et al., 2009).
Using a reverse genetics approach, we established that
CML9 acts as a positive regulator of plant defence in
response to various strains of P. syringae (pv. tomato or
maculicola). The two allelic knockout mutants exhibit higher
levels of susceptibility than WT to P. syringae inoculations,
and, conversely, CML9 over-expressing transgenic lines
exhibit fewer discernible symptoms and a significantly
lower level of bacteria development compared to WT and
knockout plants.
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Figure 7. Expression analysis of flg22-associated marker genes in cml9
genotypes.
Analyses of gene expression levels for (a) WRKY29, (b) ICS1 and (c) PR1 in
various genetic backgrounds. The WT accession Col, the knockout mutant
cml9-1, andOE-CC-5 seedlings cultivated in liquidmediumwere elicited using
1 lM flg22, and harvested at 0, 0.5, 1 and 3 h forWRKY29 and at 0, 12 and 24 h
for ICS1 and PR1. The fold changes relative to water-treated samples were
determined by real-time PCR. Values are means  SD of four independent
experiments. Asterisks indicate significant differences compared to Col at
P < 0.05 (ANOVA).
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Toevaluate the contributionofCML9 inPTI, thebehaviorof
the knockout cml9mutants and CML9 over-expressing lines
to the fully virulent strain Pto DC3000 or a disarmed (Pto
DC3000 hrcC)) mutant strain was analysed. The Pto DC3000
hrcC) mutant does not possess a functional TTSS, so this
bacterium is unable to block the first barriers of defence due
to the activity of injected effectors in plant cells. The CML9
over-expressing lines exhibit enhanced susceptibility upon
inoculation with Pto DC3000 hrcC) compared to WT and
knockout mutant lines. These differences may be explained,
at least in part, by the fact that these transgenic lines exhibit
reduced callose deposition or PR1 gene expression (see
Figure 4). In contrast, loss of CML9 function leads to an
opposite tendency, as indicated by the enhanced PR1 gene
expression. These results support the hypothesis that CML9
participates in defence mechanisms that restrict the suscep-
tibility of plants to virulentPseudomonas species. To validate
the data obtained with Pto DC3000 hrcC), the non-host
pathosystemA. thaliana–Pphwasused. Thismodel is agood
tool to explore the PTI-dependent processes because (i) the
resistance of A. thaliana accessions to this bacterium was
shown to be mainly FLS2-dependent through perception of
flagellin, and (ii) because this bacteriumdoesnot possess the
full repertoire of effectors required to efficiently block PTI
(Forsyth et al., 2010; Arnold et al., 2011). In this context, we
show that the CML9 over-expressing lines exhibit enhanced
susceptibility upon inoculation with Pph that appears to be
dependent on flagellin perception (Figure 5).
Collectively, these results illustrate the involvement of
CML9 in the PAMP signalling pathway leading to plant
defence processes. This was confirmed by in vitro experi-
ments and use of the flg22 peptide. We show that over-
expression of CML9 altered both callose production and
defence gene expression in response to flg22 application.
However, CML9 do not participate in ROS production and
expression of early-induced genes such as WRKY29 in
response to flg22 application, suggesting that CML9 acts
preferentially on later defence responses. Indeed, the PR1
gene, which is known to be induced 12 and 24 h after flg22
treatment, exhibits a significantly higher level of expression
in the knockout mutant cml9-1. This indicates that CML9
negatively regulates this defence marker gene. Apart from
the PR1 gene expression patterns, weak differences were
observed between the WT and knockout mutants in
response to flg22 applications. Because CML9 belongs to a
large multigenic family (McCormack et al., 2005), and
although CML9 is one of the CML induced by flg22
application, we cannot exclude some functional redundan-
cies between CML9 and other CMLs.
Howmight CML9 contribute to plant defence mechanisms?
Based on the data obtained, CML9 appears to have a dual
role. On the one hand, CML9 may act as a negative regu-
lator of the flagellin signalling pathway as indicated by
callose deposition and PR1 gene expression in response to
exogenous application of flg22 or in the Pto DC3000 hrcC)
mutant strain (Figure 8a). On the other hand, under more
natural conditions, CML9 acts as a positive regulator of
plant defence during interaction with a fully Pto virulent
strain (Figure 8b). To better understand the contribution of
CML9 to plant immunity, the cellular processes controlled
by this CML must be identified. It is well known that CaM
typically acts as a Ca2+ sensor relay by interacting and
modulating the activity of target proteins that may ulti-
mately participate in multiple functions (Bouche et al.,
2005). Experimental evidence demonstrated the function-
ality of predicted EF hands in CML9 (Kohler and Neuhaus,
2000), which, under certain conditions, fulfils the role of
CaM in yeast (Zielinski, 2002). Therefore, as shown in Fig-
ure 8, CML9 may fine-tune plant defence processes
(a) (b)
Figure 8. Hypothetical model for the contribu-
tion of CML9 to plant basal immunity during Pto
DC3000 infection of susceptible Arabidopsis.
Depending on the physiological context, CML9
may have a dual role that may rely on fine-tuning
of the activity of the CML9-interacting partners
‘A’ and ‘B’.
(a) During interaction with a TTSS-deficient Pto
mutant (hrcC)) or in response to flg22 applica-
tion, PTI responses are activated. In this partic-
ular context, CML9 acts as a negative regulator of
the response by limiting the intensity of the PTI.
(b) In a plant–bacteria interaction in which PTI is
established but rapidly counteracted by the
action of TTSS effectors of Pto DC3000, it is
proposed that CML9 potentiates resistance by
unknown mechanisms that may act either by
limiting the effectors’ activity on targeted func-
tions or by enhancing defence processes.
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through the balance of interacting partners and also cal-
cium homeostasis. Thus, the diversity of CML9-interacting
partners may also contribute to various physiological re-
sponses such as plant defence against pathogens or abiotic
stress (Magnan et al., 2008).
Work by Perochon et al. (2010) and Popescu et al. (2007)
identified CML9-interacting proteins. These authors estab-
lished that CaM and CML may share common targets but
also possess their own specific repertoires of interacting
proteins. It was reported that several transcription factors
interact in planta with CML9 (Popescu et al., 2007; Perochon
et al., 2010), and this is consistent with the nucleo-cytoplas-
mic location of CML9 protein in plant cells (Perochon et al.,
2010) (Figure 8). Interestingly, among these nuclear inter-
acting partners, the TGA3, TGA2 and WRKY53 transcription
factors were shown to be involved in plant defence (Ke-
sarwani et al., 2007; Murray et al., 2007). wrky53 knockout
mutants are more susceptible to P. syringae DC3000 infec-
tion (Murray et al., 2007), and tga3-1mutants are defective in
basal pathogen resistance, displaying a significantly higher
bacterial titre thanWTwhen inoculated with a virulent strain
of Pma (ES4326) (Kesarwani et al., 2007). The interactions
between TGA3, WRKY53 and CML9 were validated in planta
(Popescu et al., 2007), but questions remain as to the role of
CML9 in the activity of these transcription factors. In this
study, we showed that de-regulation of PR1 gene expression
occurs in cml9 genotypes, and several reports have clearly
demonstrated that TGA3 positively regulates this gene
(Johnson et al., 2003; Kesarwani et al., 2007), whereas
TGA2 and WRKY53 have a negative effect (Murray et al.,
2007; Boyle et al., 2009).
The next challenge will be to unravel the biological
significance of these interactions related to plant defences,
and to determine the precise role of CML9 and calcium on
the activity of these targets. A given Ca2+ signal or different
Ca2+ signatures may have different biochemical conse-
quences as a result of CaM/CML isoform-dependent selec-
tive activation/inhibition of particular target proteins.
EXPERIMENTAL PROCEDURES
Plant materials and growth conditions
Arabidopsis thaliana accessions Columbia (Col-8) and
Wassilewskija (Ws4) were used in this study. The T-DNA knockout
mutants cml9-1 and cml9-2 of AtCML9 (At3g51920) were obtained
from the Nottingham Arabidopsis Stock Centre and the Institut
National de la Recherche Agronomique (Versailles, France),
respectively. These mutants were previously characterized by
Magnan et al. (2008). Transgenic plants over-expressing the
AtCML9 coding sequence under the control of the CaMV 35S pro-
moter were generated using the pMDC32 vector (Curtis and
Grossniklaus, 2003). Two independent homozygous lines were used
in this study and named OE-CC-2 and OE-CC-5. These over-
expressing lines exhibit nomorphological or developmental defects
under normal plant growth conditions. Molecular characterization
of these transgenic lines indicates thatOE-CC-2 andOE-CC-5 exhibit
four- and 10 fold induction of the AtCML9 gene, respectively (Fig-
ure S2). Arabidopsis mutants in the Columbia ecotype Col-0 altered
in SA metabolism (sid1 and sid2), the JA pathway (jar1), perception
of ethylene (ein2), flagellin (fls2) and EF-Tu (efr) were purchased
from the Nottingham Arabidopsis Stock Centre and used for gene
expression analyses or as a control in bioassays. Plants were grown
on peat (Jiffy, Puteaux SA, Les Clayes ss Bois, France) and kept in a
growth chamber under a light period of 9 h at 20C and relative
humidity of 70% for 3 or 4 weeks before use. For axenic growth,
seeds were surface-sterilized and sown either on solid medium (1%
agar) that contained MS salts (0.5· MS, pH 5.7) or under liquid
culture conditions in 12- or 24-well plates containing 0.5· MS,
0.5 g L)1 MES, 1% sucrose at pH 5.7. Then the plates were trans-
ferred to a growth chamber at 20–22C with a 16 h light/8 h dark
photoperiod.
Plant inoculations and in planta bacterial growth
determination
The P. syringae strains used in this study were grown at 29C on LB
medium supplemented with the appropriate antibiotics: 50 lg mL)1
rifampicin (Pto DC3000 and Pma) or 50 lg mL)1 rifampicin and
34 lg mL)1 chloramphenicol (Pto DC3000 hrcC)). The Arabidopsis
non-host pathogen P. syringae pv. phaseolicola 1448a and its cor-
responding DfliC mutant were grown at 29C on LB medium sup-
plemented with 20 lg mL)1 kanamycin (Pph DfliC). The Pph DfliC
mutant strain was generated by allelic exchange using a plasmid
containing a fragment including approximately 500 bp of each of
the 5¢ and 3¢ regions flanking the fliC gene. These two fragments
flanking the nptII gene (which confers resistance to kanamycin)
formed the knockout allele used to replace the functional copy of the
fliC gene in the genome of Pph. Generation of the knockout vector
and the allelic exchange process were performed as previously
described (Zumaquero et al., 2010). Lack of motility was confirmed
for the resulting knockout mutant. WT-like growth in LB medium
was also shown for the knockout mutant using an in vitro compet-
itive index assay (Figure S8) (Macho et al., 2007).
Four-week-old Arabidopsis plants used for bacterial inoculations
were kept at high humidity for 12 h before inoculation with a
bacterial suspension at the indicated densities using a blunt syringe
on the abaxial side of the leaves. Quantification of in planta bacterial
growth was performed as previously described (Lorrain et al.,
2004). In the case of Pph DfliC, the experiment was also performed
by co-infiltration of the mutant strain (5 · 106 cfu mL)1) and the
flg22 peptide (1 lM).
Seedling culture and treatments for gene expression
analyses
Treatments with flg22 peptide were performed as described by
Denoux et al. (2008) on WT (Col) and fls2 mutant seedlings culti-
vated in liquid medium. Seedlings were grown for 11 days; on the
9th day, the medium was replaced with fresh MS medium with or
without flg22 (1 lM). To analyse gene expression upon exogenous
SA or JA application, 2-week-old seedlings cultivated on solid MS
medium were sprayed with 100 lM of these compounds or H2O
(mock treatment), and plants were harvested at various times for
RNA extraction.
Gene expression analyses
For quantitative RT-PCR, total RNA was extracted using the Nucle-
ospin RNA plant kit (Macherey-Nagel, Hoerdt, France) according to
the manufacturer’s instructions. Reverse transcription was per-
formed using 2.5 lg RNA and Superscript reverse transcriptase II
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(Invitrogen, Life Technologies SAS, Saint Aubin, France). Actin was
used as an internal standard. Quantitative PCRwas performed using
a LightCycler system (Roche, Meylan, France). To test the suitability
of the primer sets, the specificity and identity of the RT-PCR prod-
ucts were monitored by melting-curve analysis. As expression of
AtCML9 is influenced by circadian rhythm (Harmer et al., 2000), the
expression level of AtCML9 was also measured at each point of the
control kinetics. Each measurement is the mean of three biological
replicates, and the experiment was repeated twice for each biolog-
ical repetition. Because no significant changes in the transcript level
of the control gene (actin) were observed, the values obtained for
this gene were used for data standardization. The primer sets used
in the experiments are listed in Table S1.
Expression analyses of flg22-induced marker genes were per-
formed by quantitative PCR using the Fluidigm Biomark technol-
ogy (Fluidigm France SARL, Les Ullis, France) available at Genomic
GenoToul (Toulouse, France). A set of gene-specific primers for
quantitative PCR were designed using the Universal ProbeLibrary
Assay Design Center (Roche) to produce PCR products of approx-
imately 80–100 bp in length (Table S1). First-strand cDNA templates
were pre-amplified using TaqMan PreAmp Master Mix (Invitrogen),
specific primers were selected and reactions were performed using
a Fluidigm Biomark BMK-M-96.96 plate according to the manu-
facturer’s recommendations. Relative gene expression values were
determined using the 2DDCT method described by Livak and
Schmittgen (2001). The expression analysis data illustrated are the
mean of four independent replicates. No significant change in the
transcript level of PP2A was observed, and the values obtained for
this reference gene were used for data standardization. WT (Col)
was used as the reference sample.
Detection and quantification of callose papillae
Leaves of 4-week-old plants were collected 12 h post-infiltration
with Pto DC3000 or hrcC), and stained with aniline blue as previ-
ously described (Hauck et al., 2003). Experiments were repeated
three times on at least five plants after inoculationwith Pto strains or
mock control. For flg22-induced callose deposition on the cotyle-
dons of in vitro cultivated seedlings, the experiment was performed
as described by Clay et al. (2009). Three independent biological
assays were performed, and the number of callose spots was
determined on 30 independent cotyledons per genotype. Aniline
blue staining was viewed using a Leica DMIRBE microscope (Leica
Microsystems, Nanterre, France) under UV illumination with a
broad-band DAPI (4¢,6-diamidino-2-phenylindole) filter. Quantifica-
tion of callose deposits was performed on a leaf area of 3.6 mm2 for
Pto experiments or the full cotyledon surface for flg22-treated
seedlings using ImageJ software (http://rsbweb.nih.gov/ij/).
Salicylic acid quantification
Salicylic acid was determined on three biological replicates con-
sisting of a minimum of five infected or mock-treated leaves from
five plants. Samples were collected at appropriate times and frozen
immediately in liquid nitrogen. Tissue was then ground to a powder
and hormones were extracted as described by Forcat et al. (2008)
with internal standard SAD6 (CDN Isotopes, Quebec, Canada) added
to the extraction buffer. Samples were analysed by HPLC using a
Waters ultra performance liquid chromatography-electrospray ion-
ization MS/MS system using a Waters Micromass Q-TOF mass
spectrophotometer (waters, Guyancourt, France). The MS was
operated in the negative mode using WATERS MASSLYNX software.
Analyses by MS/MS were performed following mass transitions of
SA and correlating the ion peak area of the compounds with their
internal standards.
Statistical analysis
All statistical analyses were performed using STATGRAPHICS CENTU-
RION XV software (SigmaPlus, http:www.sigmaplus.fr).
ACKNOWLEDGEMENTS
The University of Toulouse and the Centre National de la Recherche
Scientifique supported this work. L.-J.L. is a fellow of the French
Ministry of National Education and Research. We thank Martine
Charpenteau and Yann Aubert for their contribution to the charac-
terization of the transgenic lines, and the technical services of the
laboratory (LRSV) for plant material and technical assistance. We
also thank Thomas Kroj (UMBR BGPI) and Claudine Balague´ (LIPM,
UMR CNRS-INRA 441) for helpful discussions, and Christian Mazars
for critical reading of the manuscript. This work was performed in
laboratory UMR5546 of the ‘Laboratoire d’Excellence’ (LABEX)
entitled TULIP (ANR-10-LABX-41).
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:
Figure S1. Expression profiles of PR1 and PDF1 marker genes in
response to exogenous applications of SA and MeJA.
Figure S2. Characterization of the two transgenic lines over-
expressing the AtCML9 gene.
Figure S3. Behavior of the cml9-2mutant upon P. syringae infection.
Figure S4. Expression profiles of the PR1 marker gene in leaves of
OE-CC-2 inoculated with Pto DC3000 or a TTSS-deficient strain.
Figure S5.Quantification of ROS production in cml9 genotypes after
flg22 elicitation.
Figure S6. Expression profile of the PR1 marker gene in OE-CC-2
transgenic plants after flg22 treatment.
Figure S7. Bioinformatic search for cis-elements in the AtCML9 gene
promoter.
Figure S8. Characterization of the P. syringae pv. phaseolicola DfliC
mutant strain.
Table S1. List of primers used for quantitative PCR.
Please note: As a service to our authors and readers, this journal
provides supporting information supplied by the authors. Such
materials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset. Technical support
issues arising from supporting information (other than missing
files) should be addressed to the authors.
REFERENCES
Arnold, D.L., Lovell, H.C., Jackson, R.W. and Mansfield, J.W. (2011) Pseudo-
monas syringae pv. phaseolicola: from ‘has bean’ to supermodel. Mol.
Plant Pathol. 12, 617–627.
Asai, T., Tena, G., Plotnikova, J., Willmann, M.R., Chiu, W.L., Gomez-Gomez,
L., Boller, T., Ausubel, F.M. and Sheen, J. (2002) MAP kinase signalling
cascade in Arabidopsis innate immunity. Nature, 415, 977–983.
Aslam, S.N., Erbs, G., Morrissey, K.L., Newman,M.A., Chinchilla, D., Boller, T.,
Molinaro, A., Jackson, R.W. and Cooper, R.M. (2009) Microbe-associated
molecular pattern (MAMP) signatures, synergy, size and charge: influences
on perception or mobility and host defence responses. Mol. Plant Pathol.
10, 375–387.
Bestwick, C.S., Bennett, M.H. and Mansfield, J.W. (1995) Hrp mutant of
Pseudomonas syringae pv phaseolicola induces cell wall alterations but
not membrane damage leading to the hypersensitive reaction in lettuce.
Plant Physiol. 108, 503–516.
Bittel, P. and Robatzek, S. (2007) Microbe-associated molecular patterns
(MAMPs) probe plant immunity. Curr. Opin. Plant Biol. 10, 335–341.
Boller, T. and Felix, G. (2009) A renaissance of elicitors: perception ofmicrobe-
associated molecular patterns and danger signals by pattern-recognition
receptors. Annu. Rev. Plant Biol. 60, 379–406.
AtCML9 contributes to plant innate immunity 987
ª 2012 The Authors
The Plant Journal ª 2012 Blackwell Publishing Ltd, The Plant Journal, (2012), 71, 976–989

Bouche, N., Yellin, A., Snedden, W.A. and Fromm, H. (2005) Plant-specific
calmodulin-binding proteins. Annu. Rev. Plant Biol. 56, 435–466.
Boudsocq,M.,Willmann,M.R., McCormack,M., Lee, H., Shan, L., He, P., Bush,
J., Cheng, S.H. and Sheen, J. (2010) Differential innate immune signalling
via Ca2+ sensor protein kinases. Nature, 464, 418–422.
Boyle, P., Le Su, E., Rochon, A., Shearer, H.L., Murmu, J., Chu, J.Y., Fobert,
P.R. and Despres, C. (2009) The BTB/POZ domain of the Arabidopsis dis-
ease resistance protein NPR1 interacts with the repression domain of TGA2
to negate its function. Plant Cell, 21, 3700–3713.
Chiasson, D., Ekengren, S.K., Martin, G.B., Dobney, S.L. and Snedden, W.A.
(2005) Calmodulin-like proteins from Arabidopsis and tomato are involved
in host defense against Pseudomonas syringae pv. tomato. Plant Mol. Biol.
58, 887–897.
Chisholm, S.T., Coaker, G., Day, B. and Staskawicz, B.J. (2006) Host–microbe
interactions: shaping the evolution of the plant immune response. Cell,
124, 803–814.
Clay, N.K., Adio, A.M., Denoux, C., Jander, G. and Ausubel, F.M. (2009)
Glucosinolate metabolites required for an Arabidopsis innate immune
response. Science, 323, 95–101.
Curtis, M.D. and Grossniklaus, U. (2003) A gateway cloning vector set for
high-throughput functional analysis of genes in planta. Plant Physiol. 133,
462–469.
Defalco, T.A., Bender, K.W. and Snedden, W.A. (2010) Breaking the code: Ca2+
sensors in plant signalling. Biochem J. 425, 27–40.
Delk, N.A., Johnson, K.A., Chowdhury, N.I. and Braam, J. (2005) CML24,
regulated in expression by diverse stimuli, encodes a potential Ca2+ sensor
that functions in responses to abscisic acid, daylength, and ion stress. Plant
Physiol. 139, 240–253.
Denoux, C., Galletti, R., Mammarella, N., Gopalan, S., Werck, D., De Lorenzo,
G., Ferrari, S., Ausubel, F.M. and Dewdney, J. (2008) Activation of defense
response pathways by OGs and Flg22 elicitors in Arabidopsis seedlings.
Mol. Plant, 1, 423–445.
Du, L., Ali, G.S., Simons, K.A., Hou, J., Yang, T., Reddy, A.S. and Poovaiah,
B.W. (2009) Ca2+/calmodulin regulates salicylic-acid-mediated plant
immunity. Nature, 457, 1154–1158.
Eulgem, T. and Somssich, I.E. (2007) Networks of WRKY transcription factors
in defense signaling. Curr. Opin. Plant Biol. 10, 366–371.
Forcat, S., Bennett, M.H., Mansfield, J.W. and Grant, M.R. (2008) A rapid and
robust method for simultaneously measuring changes in the phytohor-
mones ABA, JA and SA in plants following biotic and abiotic stress. Plant
Methods, 4, 16.
Forsyth, A., Mansfield, J.W., Grabov, N., de Torres, M., Sinapidou, E. and
Grant, M.R. (2010) Genetic dissection of basal resistance to Pseudomonas
syringae pv. phaseolicola in accessions of Arabidopsis.Mol. Plant Microbe
Interact. 23, 1545–1552.
Galon, Y., Nave, R., Boyce, J.M., Nachmias, D., Knight, M.R. and Fromm, H.
(2008) Calmodulin-binding transcription activator (CAMTA) 3 mediates
biotic defense responses in Arabidopsis. FEBS Lett. 582, 943–948.
Gomez-Gomez, L. and Boller, T. (2000) FLS2: an LRR receptor-like kinase
involved in the perception of the bacterial elicitor flagellin in Arabidopsis.
Mol. Cell, 5, 1003–1011.
Gomez-Gomez, L. and Boller, T. (2002) Flagellin perception: a paradigm for
innate immunity. Trends Plant Sci. 7, 251–256.
Gomez-Gomez, L., Felix, G. and Boller, T. (1999) A single locus determines
sensitivity to bacterial flagellin in Arabidopsis thaliana. Plant J. 18, 277–
284.
Grant, M., Brown, I., Adams, S., Knight, M., Ainslie, A. andMansfield, J. (2000)
The RPM1 plant disease resistance gene facilitates a rapid and sustained
increase in cytosolic calcium that is necessary for the oxidative burst and
hypersensitive cell death. Plant J. 23, 441–450.
Harmer, S.L., Hogenesch, J.B., Straume, M., Chang, H.S., Han, B., Zhu, T.,
Wang, X., Kreps, J.A. and Kay, S.A. (2000) Orchestrated transcription of
key pathways in Arabidopsis by the circadian clock. Science, 290, 2110–
2113.
Hauck, P., Thilmony, R. and He, S.Y. (2003) A Pseudomonas syringae
type III effector suppresses cell wall-based extracellular defense in
susceptible Arabidopsis plants. Proc. Natl Acad. Sci. USA, 100, 8577–
8582.
Heo, W.D., Lee, S.H., Kim, M.C. et al. (1999) Involvement of specific calmod-
ulin isoforms in salicylic acid-independent activation of plant disease
resistance responses. Proc. Natl Acad. Sci. USA, 96, 766–771.
Hruz, T., Laule, O., Szabo, G., Wessendorp, F., Bleuler, S., Oertle, L., Wid-
mayer, P., Gruissem, W. and Zimmermann, P. (2008) Genevestigator v3: a
reference expression database for the meta-analysis of transcriptomes.
Adv. Bioinformatics, 2008, 420747.
Johnson, C., Boden, E. and Arias, J. (2003) Salicylic acid and NPR1 induce the
recruitment of trans-activating TGA factors to a defense gene promoter in
Arabidopsis. Plant Cell, 15, 1846–1858.
Kesarwani, M., Yoo, J. and Dong, X. (2007) Genetic interactions of TGA
transcription factors in the regulation of pathogenesis-related genes and
disease resistance in Arabidopsis. Plant Physiol. 144, 336–346.
Kohler, C. and Neuhaus, G. (2000) Characterisation of calmodulin binding to
cyclic nucleotide-gated ion channels from Arabidopsis thaliana. FEBS Lett.
471, 133–136.
Lecourieux, D., Lamotte, O., Bourque, S., Wendehenne, D., Mazars, C., Ranj-
eva, R. and Pugin, A. (2005) Proteinaceous and oligosaccharidic elicitors
induce different calcium signatures in the nucleus of tobacco cells. Cell
Calcium, 38, 527–538.
Lecourieux, D., Ranjeva, R. and Pugin, A. (2006) Calcium in plant defence-
signalling pathways. New Phytol. 171, 249–269.
Livak, K.J. and Schmittgen, T.D. (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2)DDCT method.Methods, 25,
402–408.
Lorrain, S., Lin, B., Auriac, M.C., Kroj, T., Saindrenan, P., Nicole, M., Balague,
C. and Roby, D. (2004) VASCULAR ASSOCIATED DEATH1, a novel GRAM
domain-containing protein, is a regulator of cell death and defense re-
sponses in vascular tissues. Plant Cell, 16, 2217–2232.
Ma, W., Smigel, A., Tsai, Y.C., Braam, J. and Berkowitz, G.A. (2008) Innate
immunity signaling: cytosolic Ca2+ elevation is linked to downstream nitric
oxide generation through the action of calmodulin or a calmodulin-like
protein. Plant Physiol. 148, 818–828.
Macho, A.P., Zumaquero, A., Ortiz-Martin, I. and Beuzon, C.R. (2007) Com-
petitive index in mixed infections: a sensitive and accurate assay for the
genetic analysis of Pseudomonas syringae–plant interactions. Mol. Plant
Pathol. 8, 437–450.
Magnan, F., Ranty, B., Charpenteau, M., Sotta, B., Galaud, J.P. and Aldon, D.
(2008) Mutations in AtCML9, a calmodulin-like protein from Arabidopsis
thaliana, alter plant responses to abiotic stress and abscisic acid. Plant J.
56, 575–589.
Maleck, K., Levine, A., Eulgem, T., Morgan, A., Schmid, J., Lawton, K.A.,
Dangl, J.L. and Dietrich, R.A. (2000) The transcriptome of Arabidopsis
thaliana during systemic acquired resistance. Nat. Genet. 26, 403–410.
McCormack, E. and Braam, J. (2003) Calmodulins and related potential cal-
cium sensors of Arabidopsis. New Phytol. 159, 585–598.
McCormack, E., Tsai, Y.C. and Braam, J. (2005) Handling calcium signaling:
Arabidopsis CaMs and CMLs. Trends Plant Sci. 10, 383–389.
Murray, S.L., Ingle, R.A., Petersen, L.N. and Denby, K.J. (2007) Basal resis-
tance against Pseudomonas syringae in Arabidopsis involvesWRKY53 and
a protein with homology to a nematode resistance protein. Mol. Plant
Microbe Interact. 20, 1431–1438.
Navarro, L., Zipfel, C., Rowland, O., Keller, I., Robatzek, S., Boller, T. and
Jones, J.D. (2004) The transcriptional innate immune response to flg22.
Interplay and overlap with Avr gene-dependent defense responses and
bacterial pathogenesis. Plant Physiol. 135, 1113–1128.
Park, C.Y., Heo, W.D., Yoo, J.H. et al. (2004) Pathogenesis-related
gene expression by specific calmodulin isoforms is dependent on NIM1, a
key regulator of systemic acquired resistance. Mol. Cells 18, 207–213.
Perochon, A., Dieterle, S., Pouzet, C., Aldon, D., Galaud, J.P. and Ranty, B.
(2010) Interaction of a plant pseudo-response regulator with a calmodulin-
like protein. Biochem. Biophys. Res. Commun. 398, 747–751.
Perochon, A., Aldon, D., Galaud, J.P. and Ranty, B. (2011) Calmodulin and
calmodulin-like proteins in plant calcium signaling. Biochimie, 93, 2048–
2053.
Pieterse, C.M., Leon-Reyes, A., Van der Ent, S. and Van Wees, S.C. (2009)
Networking by small-molecule hormones in plant immunity. Nat. Chem.
Biol. 5, 308–316.
Popescu, S.C., Popescu, G.V., Bachan, S., Zhang, Z., Seay, M., Gerstein, M.,
Snyder, M. and Dinesh-Kumar, S.P. (2007) Differential binding of calmod-
ulin-related proteins to their targets revealed through high-density Ara-
bidopsis protein microarrays. Proc. Natl Acad. Sci. USA, 104, 4730–4735.
Ranf, S., Eschen-Lippold, L., Pecher, P., Lee, J. and Scheel, D. (2011) Interplay
between calcium signalling and early signalling elements during defence
988 Louis-Je´roˆme Leba et al.
ª 2012 The Authors
The Plant Journal ª 2012 Blackwell Publishing Ltd, The Plant Journal, (2012), 71, 976–989

responses to microbe- or damage-associated molecular patterns. Plant J.
68, 100–113.
Ranty, B., Aldon, D. and Galaud, J.P. (2006) Plant calmodulins and calmodu-
lin-related proteins: multifaceted relays to decode calcium signals. Plant
Signal Behav. 1, 96–104.
Saijo, Y., Tintor, N., Lu, X., Rauf, P., Pajerowska-Mukhtar, K., Haweker, H.,
Dong, X., Robatzek, S. and Schulze-Lefert, P. (2009) Receptor quality con-
trol in the endoplasmic reticulum for plant innate immunity. EMBO J. 28,
3439–3449.
de Torres Zabala, M., Bennett, M.H., Truman, W.H. and Grant, M.R. (2009)
Antagonism between salicylic and abscisic acid reflects early host–patho-
gen conflict and moulds plant defence responses. Plant J. 59, 375–386.
de Torres, M., Sanchez, P., Fernandez-Delmond, I. and Grant, M. (2003)
Expression profiling of the host response to bacterial infection: the tran-
sition from basal to induced defence responses in RPM1-mediated resis-
tance. Plant J. 33, 665–676.
Tsuda, K., Sato, M., Glazebrook, J., Cohen, J.D. and Katagiri, F. (2008) Inter-
play between MAMP-triggered and SA-mediated defense responses. Plant
J. 53, 763–775.
Wang, L., Tsuda, K., Sato, M., Cohen, J.D., Katagiri, F. and Glazebrook, J.
(2009) Arabidopsis CaM binding protein CBP60g contributes to MAMP-
induced SA accumulation and is involved in disease resistance against
Pseudomonas syringae. PLoS Pathog. 5, e1000301.
Yuan, J. and He, S.Y. (1996) The Pseudomonas syringae Hrp regulation and
secretion system controls the production and secretion of multiple extra-
cellular proteins. J. Bacteriol. 178, 6399–6402.
Zeng, W. and He, S.Y. (2010) A prominent role of the flagellin receptor
FLAGELLIN-SENSING2 in mediating stomatal response to Pseudomonas
syringae pv tomato DC3000 in Arabidopsis. Plant Physiol. 153, 1188–
1198.
Zielinski, R.E. (2002) Characterization of three new members of the Arabi-
dopsis thaliana calmodulin gene family: conserved and highly diverged
members of the gene family functionally complement a yeast calmodulin
null. Planta, 214, 446–455.
Zipfel, C. (2009) Early molecular events in PAMP-triggered immunity. Curr.
Opin. Plant Biol. 12, 414–420.
Zipfel, C. and Felix, G. (2005) Plants and animals: a different taste for
microbes? Curr. Opin. Plant Biol. 8, 353–360.
Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E.J., Jones, J.D., Felix, G. and
Boller, T. (2004) Bacterial disease resistance in Arabidopsis through
flagellin perception. Nature, 428, 764–767.
Zumaquero, A., Macho, A.P., Rufian, J.S. and Beuzon, C.R. (2010) Analysis of
the role of the type III effector inventory of Pseudomonas syringae pv.
phaseolicola 1448a in interaction with the plant. J. Bacteriol.
192, 4474–4488.
AtCML9 contributes to plant innate immunity 989
ª 2012 The Authors
The Plant Journal ª 2012 Blackwell Publishing Ltd, The Plant Journal, (2012), 71, 976–989

010
20
30
40
50
60
70
80
PR
1
R
el
at
iv
e
fo
ld
ch
an
ge
0    0.5   1   3  6 9 12  24
Time (h)
Figure S1
PR1

R
B
L
B
ATTB2 ATTB1
OCC: Over-expression of CML9 in Col8
(pMDC32)
HygroR CML9CDS (466pb) P35Sx2
Figure S2
0 
2 
4 
6 
8 
10 
12 
Col8 OE-CC-2 OE-CC-5
C
M
L9
R
el
at
iv
e
fo
ld
ch
an
ge
Genotypes
Col (WT) OE-CC-2 OE-CC-5 
(a)
(b)
(c)

1 
2 
3 
4
5 
6 
7 
8 
Pto DC3000 Pto DC3000 hrcC-
0 dpi
3 dpi
Pph Pph ∆ fliC
1 
2 
3 
4 
5 
6 
0 dpi
2 dpi
(a)
(b)
(c)
Figure S3
WT (Ws) cml9-2
B
ac
te
ria
lc
ou
nt
s
(L
og
10
C
FU
/c
m
2
)
B
ac
te
ria
lc
ou
nt
s
(L
og
10
C
FU
/c
m
2
)

0 
400 
800 
1200 
1600 
2000 
PR
1
re
la
tiv
e
fo
ld
ch
an
ge
Time (h)
T 0h  T 12h T 24h
Pto DC3000
0 
400 
800 
1200
1600 
2000 
2400 
Time (h)
T 0h  T 12h    T 24h
PR
1
re
la
tiv
e
fo
ld
ch
an
ge
PR1 
PR1 
Figure S4
(a)
(b) Pto DC3000 hrcC-

0 
2000 
4000 
6000 
8000 
10000 
12000 
Fl
uo
re
sc
en
ce
 (R
FU
)1
0
m
in
af
te
re
lic
ita
tio
n
H20 1 μM flg22
Figure S5

0 
50 
100 
150 
200 
250 
300 
350 
Time (h)
T 0h   T 12h T 24h
PR
1
re
la
tiv
e
fo
ld
ch
an
ge
flg22
PR1 
Figure S6

Figure S7 
ATG 
CML9 
-26 -157 -219 -240 -479 
TATAbox 
-110 -223 -258 -199 
100 pb 
W-BOX  (TTGACT) (x6) 

Swimming Swarming
Pseudomonas syringae
pv phaseolicola 1448a
ΔfliC
Pseudomonas
aeruginosa
PA01
Escherichia coli DH5α
LBCI: 1.079 +/- 0.179 
Figure S8

Name Sequence 
ACTIN 
5’-CACCCGAGAGGAAGTACAGTG-3’ Forward 
5’-CATACTCTGCCTTAGAGATCCACA-3’ Reverse 
PR1 
5’-ATGTGCCAAAGTGAGGTGTAA-3’ Forward 
5’-TTCACATAATTCCCACGAGCA-3' Reverse 
CML9 
5’-TCATAGACAAAGATTCCGATGG-3' Forward 
5’-GCAGTTGTTCCGCCTTTG-3’ Reverse 
PP2A 
(AT1G13320) 
5'-CCGTGAAGCTGCTGCAAACAATC-3' Forward 
5'-TGCCCATTCAGGACCAAACTCTTC-3' Reverse 
WRKY29 
5'-AAGGATCTCCATACCCAAGGA-3' Forward 
5'-GGGTTTTGAGGATTTCTTTCG-3' Reverse 
ICS1 
5'-GCAGGGAGACTTACGAAGGA-3' Forward 
5'-TGCTTCTTCTGCTGGAAGC-3' Reverse 
Table S1: Primers used for quantitative PCR
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FIGURE LEGENDS – Supplemental data
Figure S1: Expression profile of PR1 marker gene in response to the exogenous application
of SA
Two-week-old seedlings (ecotype Col) cultivated on MS medium were sprayed either with SA
(100 µM) or water (mock). Plant material was harvested at 0, 0.5, 1, 3, 6, 9, 12, 24 hours
post-treatments. The results are expressed as a fold change relative to mock treatment. The
data illustrate the averaged values ± standard deviation of three independent experiments.
Figure S2: Characterization of two transgenic lines overexpressing the AtCML9 gene (OE-
CCs)
(a) Scheme of the construct used to generate the CML9 overexpressing lines. The cDNA
was made of the coding sequence of CML9 and introduced in a pMDC32 vector under the
control of the constitutive double p35S promoter (b) The relative levels of CML9 gene
expression in OE-CC-2 and OE-CC-5 compared to WT (Col) in normal plant growth
conditions were determined by RT-qPCR analyses. (c) Observations of the WT (Col) and
OE-CCs transgenic lines at vegetative or reproductive developmental stages development.
Figure S3: Phenotypic analyses of the second allelic mutant cml9-2 upon P. syringae
infection
(a) Disease symptoms in Arabidopsis ecotype Wassilewskija leaves (WT (Ws-4), cml9-2)
caused by Pto DC3000 infection. 4-week-old plants of Arabidopsis thaliana leaves were
syringe-infiltrated with 2x105 cfu/mL of Pto DC3000 and pictures were taken 5 days post-
inoculation. Arrows indicate the half-leave inoculated. (b) Quantification of in planta bacterial
growth. WT and cml9-2 plant were inoculated with Pto DC3000 and Pto DC3000 altered in
TTSS (hrcC-) and a bacterial quantification was performed at 0 and 3 dpi. In these
experiments, leaves were syringe-infiltrated with 105 cfu/mL of Pto DC3000 and 106 cfu/mL
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for the Pto DC3000 hrcC-. (c) Pseudomonas syringae pv phaseolicola (Pph) and Pph Δflic
infection. In these experiments, leaves were syringe-infiltrated with 5x106 cfu/mL.
All the data are representative of 5 replicates of three independent experiments. P values
were calculated using the two-tailed Mann-Whitney U-test to indicate significative differences
between the genotypes tested. Asterisks illustrate p<0.05. Error bars represent SEM.
Figure S4: Expression profiles of PR1 marker gene in leaves of the OE-CC-2 inoculated with
Pto DC3000 or TTSS deficient strain.
Analyse of PR1 marker genes in leaves of the WT (Col) and OE-CC-2 transgenic line
syringe-infiltrated with 2x105 cfu/mL of Pto DC3000 (a) or with Pto DC3000 hrcC- (107 cfu/mL)
(b) and harvested at 0, 12 and 24 hours post-inoculation. The fold changes relative to the
mock treatment were determined by real-time PCR. The values are means ± standard
deviation of four independent experiments.
Figure S5: ROS production in cml9 genotypes after flg22 elicitation
Leaf discs of 4mm diameter from four-week-old Arabidopis plants (Col, cml9 mutant and OE-
CCs) were treated either with 1 μM flg22 or a mock control. ROS were measured as
fluorescence emission at 10 minutes post-elicitation with an Amplex red
hydrogen/peroxidase assay kit (Molecular Probes) following the manufacturer’s instructions 
and detection performed as described by Lachaud et al. (2011). For each genotype 18 discs
taken on 3 different plants are used, these experiments have been repeated 3 times in 3
biological independent repetitions.
Figure S6: Expression profile of PR1 marker gene in the OE-CC-2 transgenic plant after
flg22 treatment.
Analyse PR1 gene expression levels in the WT accession Col and OE-CC-2 seedlings
cultivated in liquid medium and elicited with 1µM flg22. The samples were harvested at 0, 12,
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24 hours. The fold changes relative to water treated samples were determined by real-time
PCR. The values are means ± standard deviation of four independent experiments. The
significance of gene inductions was tested with ANOVA (P<0.05).
Figure S7: Scheme of the in silico analyses of the AtCML9 gene promoter. The 1.5 kb
sequence upstream the start codon of the AtCML9 coding sequence was analysed using
PlantCARE and PLACE databases. The locations of the predicted W-boxes are indicated in
red.
Figure S8: Characterization of the P. syringae pv phaseolicola fliC mutant strain.
Images show the result of swimming and swarming motility assays carried out for Pph and
Pph ΔfliC, Pseudomonas aeruginosa PA01 and Escherichia coli DH5α were used as a 
positive control and negative controls, respectively. Bacterial growth of the Pph ΔfliC strain
was confirmed to be as wild type by a competitive index assay. Since the competitive index
(LBCI) is defined as the mutant-to-wild type ratio after incubation divided by the mutant-to-wt
ratio prior to incubation, a competitive index not significantly different to one by a T-Student
test (P=0.05), as the one obtained for the ΔfliC indicated that growth of the mutant is not
significantly different from growth of the wild type strain.
Table S1: List of primers used for quantitative PCR
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Reference:
Lachaud, C., Da Silva, D., Amelot, N., Béziat, C., Brière, C., Cotelle, V., Graziana, A., Grat,
S., Mazars, C. and Thuleau, P. (2011) Dihydrosphingosine-induced programmed cell death
in tobacco BY-2 cells is independent of H₂O₂ production. Mol Plant, 4, 310-318.
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Figure II.1:Schéma du système à deux composants
(A) Système à deux composants employant un récepteur histidine kinase et un régulateur de
réponse. Le domaine kinase (en bleu) porte le résidu histidine (H) qui s’autophosphoryle et transfère
son phosphate sur le résidu acide aspartique (D) du domaine receveur (en vert) du régulateur de
réponse. (B) Système de phosphorelay à plusieurs étapes représenté par celui employé par
Arabidospsis dans la signalisation cytokinine. Les récepteurs des cytokinines (AHK), les histidines
phosphotransferase (AHP), des régulateurs de réponse de type A (ARR-A) et B (ARR-B), impliqués
dans la transduction du signal cytokinine sont représentés. (C) Représentation schématique des
domaines protéiques présents dans les éléments du système à deux composants chez A.
thaliana. En vert est représenté le domaine receveur où l’acide aspartique (D) conservé chez les
authentiques régulateurs de réponse (ARR) est remplacé par un acide glutamique (E) chez les
pseudo régulateurs de réponse (PRR). Les autres domaines sont représentés, en rouge le domaine
de liaison à l’ADN de type GARP, en violet la boîte CCT et en or la boîte GCT.
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Figure II.2: Analyse du profil d’expression de PRR2 dans différents organes de plantes
adultes d’ A. thaliana.
Analyse en RT-qPCR de l’expression de PRR2 chez des plantes de 4 semaines d’ A.thaliana. Le
gène de l’actine est utilisé comme contrôle. Les résultats présentent le ratio d’induction du gène
PRR2 par rapport à l’actine. Les résultats on été obtenus à partir d’une moyenne de 3 réplicats
indépendants. Les barres d’erreur représentent l’écart-type à la moyenne.
Figure II.3: Localisation spatiale de l’expression de PRR2 dans différents organes de plantes
adultes d’ A. thaliana.
Détection histochimique de l’activité gus chez des plantes transgéniques (promPRR2::uidA)
d’Arabidopsis.
Observation de (a) plantule de 2-3 jours (b) plantules de 6 jours (c) plantules de 10 jours (d) bouquet
floral (e) stomates à la surface foliaire (f) coupe transversale de hampe florale et (g) fleurs.
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Figure II.4: Analyse du
profil d’expression de 
PRR2 chez A. thaliana en
réponse à différentes
souches de P. syringae.
Illustration d’après eFP
Browser
(http://bar.utoronto.ca/efp/cgi
-bin/efpWeb.cgi),
Tableau I.2: Analyse du
profil d’expression de PRR2
chez A. thaliana en réponse
à différentes souches de
P. syringae.
Illustration d’après les 
données de Genevestigator,
En vert: répression du gène,
en noir: pas d’induction du 
gène, en rouge: induction du
gène
expression
- . +
expression
- - ++.
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Figure II.5: Profil d’expression du gène PRR2 en réponse au pathogène P. syringae et en
réponse à l’application, exogène d’acide salicylique chez des plantes d’ A. thaliana.
A. Feuilles de 4 semaines de plantes d’écotype Col inoculées avec Pst DC3000 à 107cfu mL−1. Les
échantillons sont collectés à 0, 0.5, 1 et 3h post-infection et l’expression du gène PRR2 est
analysée par qRT-PCR.
B. Expression du gène PRR2 après infection par Pst DC3000 chez des mutants de la voie SA (sid1
et sid2) et JA (jar1). Les étoiles au-dessus des histogrammes (test de Tukey, p-value<0.05)
indiquent des changements significatifs dans l’expression du gène PRR2 dans ces fonds
génétiques par rapport au Wt.
C. Cinétique de l’expression du gène PRR2 en réponse à une application exogène de SA (50µM).
Tous les résultats illustrés représentent les ratios d’expression du gène par rapport à la condition
témoin. Les résultats illustrent la moyenne de 3 réplicats biologiques indépendants, les barres
d’erreurs représentent l’écart-type à la moyenne. La quantification de l’expression a été effectuée par
qRT-PCR et calculée d’après la méthode comparative des 2−△△CT en utilisant le gène actine8 comme
référence.
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Figure II.6: Croissance et développement des lignées PRR2 en conditions standard de culture
A. Quantification de la capacité de germination sur milieu MS des différentes lignées PRR2. Les
graines sont semées sur MS après imbibition puis placées à 4°C pendant 48h avant d’être transférées
en salle de culture (conditions jours longs, 16h de lumière, 8h d’obscurité). Un comptage des graines
germées (émergence de la radicule) est réalisé tous les jours pendant 5 jours. Les résultats ont été
obtenus à partir d’une moyenne de 4 réplicats. Les barres d’erreur représentent les écarts standards à
la moyenne (SEM) de ces 4 réplicats.
B. Observation de la croissance de plantules des différentes lignées PRR2 de 4 jours cultivées sur
MS. Dans ces conditions standard de culture in vitro, aucune différence n’est observée entre les
différentes lignées.
C. Comparaison de la croissance et du développement de plantes adultes de 4 semaines des
différentes lignées PRR2 en conditions standard de culture (jours courts 8h de lumière, 16h
d’obscurité). Aucune différence n’est observée concernant le nombre de feuilles et la taille des plantes
à ce stade de développement.
 SL
	 

	!"#$%
', B
 
: .<'(% D< 
 $
 1$1    /11< 
	!!
1$<	 
%$


1
 8 2= 
 
  
 
 1

  1.

 = ..1

/-
	1

-=7',>


  ! !"#0"(-"#  #"#(( ((!" !9

0*)  !(%# !9( !!((

 $ 1  . 	/  !!< 
 $
 
1 ..1
 /1

%2   
 %*4, 
     B&>*> 7" B1
 )2< CD  &>*> 7 B1 . %*'< +LD   /1 !4 B D 

 =  1  $ %

   B
 
  D> # .
 %  **#   /- !! %  @ 	 -
 
 	
 

%2<
 



/-.


 1$  1	
      
 	
  @ 1> 4

$



1
/1

/1
%2BCD
1
 !! 

  A %  5K B?BII#	D> * /1
 
/1

1
 B?BII7"  ?BII7D  1
  

 
$ 

/- $1.1
  %   1  .
 !!2  11 

 B


D>


0*0 "!((# -"# (!%#(0

)

1$
/1
11
$/>
)
 1
  / 
 /
 
 ..1
 /1
  11 
1
 

 
  / B
 ?'D> ' 
  " 	 

$

	/

/1
+


	
%1  )2B
?'D
%1+ %*'B
?'D>
1$$1/1.<
$

$

1$

    % B
 ?AD   
 
 B
 ?.D>  ..1

/.$%@	
$1
/1
1


<
//-%1%

0"	"

	0
$
1		>
)

/
$1/1.
 B .<
=
.<..1.
..D<

1111>*
..1


11	
$1
%.
/1
B
@'D> 
..< 
 /1
 
 B$7/77"< &>*> 7D    1$ 
  .

	
1
+,BC+
LD>)11.


	18 &>*>7 ++
L B
 @'D>1$

 -
 . 8 
 /1
 ?BII7"  ?BII7 B
 @'D> ) / 
	  .
 -
    .
 1   %1$ 
1  .
> 
  	  .
 
 < 
  1  .
 

WS4K.D.prr2.2
A
0
5
10
15
20
25
30
Col0 RNAi prr2 K.D.prr2.1 p35s:: PRR2.1p35s:: PRR2.2
N
om
br
e 
de
 fe
ui
lle
s 
Figure II.7: Observation et évaluation de la cinétique de floraison des lignées PRR2 en
jours longs.
A. Observation du développement de la hampe florale de plantes d’Arabidopsis de 4 semaines
d’écotype Columbia et de 3 semaines d’écotype Wassilevskiya mises en culture en jours longs
(photopériode :16h jours/8h nuit). Les clichés sont représentatifs d’au moins 3 réplicats 
biologiques indépendants (n>25).
B. Cinétique d’apparition de la hampe florale de plantes d’Arabidopsis d’écotype Columbia
cultivées en jours longs. Le « délai de floraison » est exprimé comme le nombre de feuilles
produites avant l’apparition de la première fleur quand la taille de la hampe florale ≥10cm. Les
barres de l’histogramme représentent la moyenne de 3 réplicats biologiques indépendants (±SE;
n>25).Les étoiles au-dessus des histogrammes indiquent des différences significatives par rapport
à l’écotype Wt (test de Tukey, * p-value<0.05, ** p-value<0.01).
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Figure II.8: Sensibilité des lignées PRR2 à la bactérie Ralstonia solanacearum.
A. Echelle de notation utilisée pour la quantification de l’évolution de la maladie causée
par la bactérie Ralstonia solanacearum chez Arabidopsis thaliana.
B. Quantification de l’évolution de la maladie chez des plantes âgées de 4 semaines des
lignées PRR2 après infection par la souche GMI1000 de la bactérie Ralstonia
solanacearum (107 cfu/ml). 16 plantes sont utilisées par génotype pour réaliser la notation.
Deux répétitions biologiques indépendantes ont été réalisées et des résultats similaires ont
été observés. Les barres d’erreurs représentent les SEM (erreur standard à la moyenne).
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Figure II.9: Evaluation des symptômes de maladie après infection par Xanthomonas
campestris pv campestris ΔxopAC
 
A. Index des symptômes de maladie observés avec Xanthomonas campestris pv
campestris ΔxopAC. 0: pas de symptômes; 0.5:début de chlorose; 1: légère
chlorose autour du site d’inoculation; 1.5:chlorose autour du site; 2: chlorose en V
étendue à 2 sites d’inoculation; 3:nécrose localisée à l’extrémité de la feuille; 3.5:
nécrose étendue; 4: chute de la feuille.
B. Des plantes de 4 semaines ont été inoculées par la bactérie à une concentration
de 1 × 107 cfu/ml. Les symptômes de maladie ont été déterminés 4 jours (i) 6 jours
(ii) et 8 jours (iii) après infection avec le pathogène. Les barres d’erreurs
représentent le résultat de 2 réplicats expérimentaux.
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Figure II.10: Symptômes de maladie et quantification de la croissance bactérienne in
planta en réponse à la bactérie virulente Pst DC3000
A. Des feuilles de plantes de 4 semaines, d’écotype Columbia et Wassilevskiya, cultivées
en conditions standard de culture ont été inoculées par infiltration foliaire avec la souche
virulrente de P. syringae (2.105 CFU/ml). Les symptômes de la maladie sont observés 5
jours après l’infection.
B. Croissance bactérienne de Pst DC3000 in planta. Des feuilles de plantes de 4
semaines ont été infectées par la bactérie à une concentration de 2.105 CFU/ml. La
croissance bactérienne du WT (Col0 et Ws4) des plantes mutantes et des lignées
transgéniques surexprimant PRR2 a été déterminée 24h après infection avec Pst DC3000.
Les barres d’erreurs représentent le résultat de 3 réplicats expérimentaux ± SE
(n = 30).Les étoiles indiquent une différence significative comparativement aux plantes WT
d’après le Mann-Whitney U-test (* :p-value<0.05, **: pvalue<0.01).
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 PRR2: un régulateur des réponses de défense au cours de l'infection par
Pst DC3000?
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Figure II.11: Symptômes de maladie et quantification de la croissance bactérienne in
planta en réponse à la bactérie virulente Pst DC3000
A. Des plantules de 12 jrs, d’écotype Columbia, cultivées en conditions standard de
culture ont été immergées dans un milieu MS contenant la souche de P. syringae
luminescente portant l’opéron luxCDABE(1.107CFU/ml). La croissance bactérienne est
visualisée (i) en luminescence et quantifiée par numération (ii) 24h après infection.
B. Des feuilles de plantes de 4 semaines, d’écotype Columbia, cultivées en conditions
standard de culture ont été pulvérisées avec une souche de P. syringae (5.107CFU/ml).
Les symptômes de la maladie sont observés 7 jours après l’infection. (i) et la croissance
bactérienne est quantifiée par numération bactérienne 24h après infection.
Les barres d’erreurs représentent le résultat de 3 réplicats expérimentaux ± SE
(n = 30).Les étoiles indiquent une différence significative comparativement aux plantes WT
d’après le Mann-Whitney U-test (* :p-value<0.05, **: pvalue<0.01).
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Figure II.12: Sensibilité des lignées PRR2 en réponse  à l ‘infection par différentes souches 
de P. syringae
Quantification de la croissance bactérienne in planta 24h après infection par Pst DC3000. Des
feuilles de 4 semaines de plantes ont été pulvérisées avec un inoculum à 5.107 CFU/cm² de P.
syirngae pv maculicola (A) Pst DC3000 (B) Pst DC3000 ΔCEL (C) et Pst DC3000 HrcC- (D). Les
barres d’erreurs représentent le résultat de 3 réplicats expérimentaux ± SE (n = 30).Les étoiles
indiquent une différence significative comparativement aux plantes WT d’après le Mann-Whitney U-
test (* :p-value<0.05, **: pvalue<0.01).
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Figure II.13: Quantification de la production de SA au sein des différents génotypes PRR2
lors d’une infection par Pst DC3000.
La quantification de l’accumulation de SA a été effectuée après infection par Pst DC3000 à 107
CFU/ml (12h, 24h, 48h) ou dans des conditions contrôles (mock, T0). Les concentrations ont été
estimées à partir de 3 réplicats biologiques indépendants à partir de plantes d’Arabidopsis agées de
3 semaines lors des tests. Les barres d’erreurs représentent l’écart-type à la moyenne. Les lettres
au dessus des histogrammes permettent de regrouper les génotypes qui présentent le même
comportement (test de Dunett, p-value <0.01).
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Figure II.14: Quantification de la production des différentes formes de JA au sein des
différents génotypes PRR2 lors d’une infection par Pst DC3000.
La quantification de l’ accumulation de cis-OPDA (A), JA (B), JA-Ile (C) et COOH-JA-Ile (D) a été
effectuée après infection par Pst DC3000 à 107 CFU/ml (12h, 24h, 48h) ou dans des conditions
contrôles (mock, T0). Les concentrations ont été estimées à partir de 3 réplicats biologiques
indépendants à partir de plantes d’Arabidopsis agées de 3 semaines lors des tests. Les barres
d’erreurs représentent l’écart-type à la moyenne.
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Figure II.15: Quantification de la production d’ABA au sein des différents
génotypes d’Arabidopsis lors d’une infection par Pst DC3000.
La quantification de l’accumulation d’ABA a été effectuée après infection par Pst
DC3000 à 107 CFU/ml (12h, 24h, 48h) ou dans des conditions contrôles (mock, T0). Les
concentrations ont été estimées à partir de 3 réplicats biologiques indépendants à partir
de plantes d’Arabidopsis agées de 3 semaines lors des tests. Les barres d’erreurs
représentent l’écart-type à la moyenne.
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Figure II.16: Quantification de la production de camalexine au sein des différents
génotypes PRR2 lors d’une infection par Pst DC3000.
La quantification de l’accumulation de camalexine a été effectuée après infection par Pst
DC3000 à 107 CFU/ml (12h, 24h, 48h) ou dans des conditions contrôles (mock, T0). Les
concentrations ont été estimées à partir de 3 réplicats biologiques indépendants à partir de
plantes d’Arabidopsis agées de 3 semaines lors des tests. Les barres d’erreurs représentent
l’écart-type à la moyenne. Les lettres au dessus des histogrammes permettent de regrouper les
génotypes qui présentent le même comportement (test de Dunett, p-value <0.01).
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 PRR2: un régulateur de l’expression de gènes de défense en réponse à Pst
DC3000?
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Figure II.17: Quantification de la production de glucosinolates aliphatiques et indoliques au sein
des différents génotypes d’Arabidopsis lors d’une infection par Pst DC3000.
La quantification de l’accumulation des glucosinolates indoliques (en rouge et alipahtiques (en noir) a
été effectuée après infection par Pst DC3000 à 107 CFU/ml (12h, 24h, 48h) ou dans des conditions
contrôles (mock, T0). Les concentrations ont été estimées à partir de 3 réplicats biologiques
indépendants à partir de plantes d’Arabidopsis agées de 3 semaines lors des tests. Les barres d’erreurs
représentent l’écart-type à la moyenne.
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Figure II.18: Accumulation de papilles de callose en réponse à la flagelline (flg22) chez les
lignées transgéniques PRR2
Les photographies ci-dessus présentent les différences morphologiques et quantitatives entre les
papilles de callose de cotylédons de plantules de 12 jours d’Arabidopsis non traitées (à gauche) et
après 12h de traitement flg22 à 1μM (à droite). Les dépôts de callose apparaissent fluorescents après
coloration des cotylédons au bleu d’Anilline et visualisation sous filtre DAPI. Les valeurs indiquent la
surface moyenne de callose par cotylédon (± SEM) quantifiée à l’aide du logiciel image J. Les
quantifications ont été réalisées à partir de 3 réplicats biologiques indépendants par génotype
(contrôle et traitement flg22, n>10 pour chaque réplicat indépendant). Les étoiles (*) représentent les
différences significatives dans l’accumulation de dépôts de callose entre le Wt (Col0) et les lignées
transgéniques PRR2. Les différences significatives ont été déterminées d’après une analyse de
variance (ANOVA) suivie d’un test de Newman-Keuls (*) indique une différence significative en
comparaison au Wt pour une p-value <0.05, ** indique une différence significative en comparaison au
Wt pour une p-value <0.01). Echelle: 190,3 µm.
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Figure II.19: Dendrogramme hiérarchique de l’expression des gènes au sein des génotypes
PRR2 au cours du temps après une infection par Pst DC3000.
Dendrogramme hiérarchique du profil d’expression des gènes analysés par HCE3.5 après
quantification par la technology Biomarck,Fluidigm ®. Les plantes d’Arabidopsis des génotypes
Col0, K.D. prr2.1 et p35s::PRR2.2 ont été infectées par la bactérie Pst DC3000 ou traitées dans des
conditions contrôles (mock) à T0, 1h, 3h, 6h, 12h, 24h. Après analyse RT-qPCR à haut débit, les
ratios d’induction au cours du temps sont analysés, transformés en données logarithmiques et
classés en différents groupes selon le coefficient de corrélation de Bravais-Pearson. Les analyses
ont été effectuées sur au moins 3 réplicats biologiques indépendants.
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Figure II.20: Profil d’expression de gènes marqueurs de défense associés à la flagelline (flg22)
examiné chez les lignées PRR2.
Les graphiques représentent le profil d’expression sur une cinétique de 24h des gènes FRK1(a),
WRKY29 (b), EFR (c), BIK1 (d), PR2 (e) et PR3 (f) dans les génotypes Wt (col0), K.D. prr2.1 et
p35S::PRR2.2.
Des plantules de 12 jours d’Arabidopsis cultivées en milieu liquide ont été élicitées avec 1 µm de flg22
puis récoltées à 0, 30min, 1h, 3h, 6h, 12h, 24h après traitement. Le ratio d’expression qui représente
l’expression du gène en réponse à la flg22 par rapport à l’expression en conditions contrôles (H20) a
été déterminé par RT-qPCR en utilisant la méthode Fluidigm® de Biomarck®. Les valeurs et les
barres d’erreurs sont représentatives respectivement de la moyenne et de l’écart-type de 3 réplicats
biologiques indépendants. La significativité des résultats a été évaluée par une analyse ANOVA et par
un test de Newman-Keuls (** p-value <0.01,* p-value <0.05).
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a
b
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Figure II.21: Illustration des résultats de l’analyse transcriptomique 30min effectuées en réponse à
la flagelline (flg22) chez les génotypes PRR2.
a. Diagramme de Venn représentant les gènes dérégulés 30min après traitement par la flagelline
(flg22) chez les génotypes PRR2. Le nombre de gènes représente les transcrits différentiellement exprimés
(p-value<0.01 , procédure de Benjamini et Hochberg) chez le Wt, le K.D. prr2.1 et la lignée transgénique
p35S ::PRR2.2. 3 réplicats biologiques ont été réalisés par puce. Les gènes exprimés de manière
différentielle (p-value <0.01) par rapport à la condition contrôle sont déterminés d’après la statistique t (de
Student) corrigée avec un test de correction multiple de type FDR (False Discovery Rate, procédure de
Benjamini et Hochberg).
b. Représentation graphique du nombre de gènes significativement différentiellement exprimés en
réponse à la flagelline (flg22). Nombre de gènes significativement induits(en rouge) ou réprimés (en vert)
chez les lignées PRR2 30 min après traitement flg22. Pour être considéré comme significativement
exprimé, la p-value<0.01 et l’accumulation de transcrit représente au moins un fold-change de 4 par
rapport à la condition contrôle. La figure est basée sur 3 réplicats biologiques indépendants.
c. Validation de certains des gènes par RT-qPCR. Tableau illustrant la comparaison des résultats
obtenus par RT-qPCR et par microarray CATMA. La régulation de l’expression de gènes de réponse à la
flg22 dérégulés chez les lignées PRR2 a été évaluée pour un certain nombre de gènes en utilisant une
approche transcriptomique globale de type CATMA et par RT-qPCR. Des primers spécifiques ont été
designés pour tous les gènes et les analyses de RT-qPCR ont été réalisées en prenant deux gènes
contrôles comme référence, l’actine 8 et l’ubiquitine 10. Les ratios d’expression/ contrôle présentés dans
cette figure ont été calculés à partir de 3 expériences indépendantes.
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InductionRépression
Col0 K.D. prr2.1 P35s::PRR2.2
Figure II.22: Clustering hiérarchique des gènes dérégulés chez les génotypes PRR2 en
réponse à la flg22
Dendrogramme hiérarchique du profil d’expression des gènes issus de l’analyse transcriptomique
CATMA analysés par HCE3.5. Les plantes d’Arabidopsis des génotypes Col0, K.D. prr2.1 et
p35s::PRR2.2 ont été traitées par la flg22 ou traitées dans des conditions contrôles (mock) à T0, 1h,
3h, 6h, 12h, 24h. Après analyse RT-qPCR à haut débit, les ratios d’induction au cours du temps
sont analysés, transformés en données logarithmiques et classés en différents groupes selon le
coefficient de corrélation de Bravais-Pearson. Les analyses ont été effectuées sur au moins 3
réplicats biologiques indépendants.
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Figure II.23: Profil d’expression de gènes de biosynthèse de l’acide salycilique (SA) en réponse à la
flagelline (flg22) examiné chez les lignées PRR2.
Les graphiques représentent le profil d’expression sur une cinétique de 24h des gènes EDS5 (a), PAD4 (b),
EDS1 (c), ICS1 (d) et PR2 (e) dans les génotypes Wt (col0), K.D. prr2.1 et p35S::PRR2.2.
Des plantules de 12 jours d’Arabidopsis cultivées en milieu liquide ont été élicitées avec 1 µm de flg22 puis
récoltées à 0, 30min, 1h, 3h, 6h, 12h, 24h après traitement. Le ratio d’expression qui représente
l’expression du gène en réponse à la flg22 par rapport à l’expression en conditions contrôles (H20) a été
déterminée par RT-qPCR en utilisant la méthode Fluidigm® de Biomarck®. Les valeurs et les barres
d’erreurs sont représentatifs respectivement de la moyenne et de l’écart-type de 3 réplicats biologiques
indépendants. La significativité des résultats a été évaluée par une analyse ANOVA et par un test de
Newman-Keuls (* *p-value <0.01; . *p-value <0.05).
a b
c d
*
* *
**
** **
 N
	 

	!"#$%
0*0*0*@0>#% "(! !+-"!(%"(!#" (>7!# 
" !"#!("(#"#('+%00I
)%
/	,(
//-!! ? A
  1/ %



/-
   $ 
 /

 
 %

 
 
 /-
 .
   $ 
	
-
  
 
1
 ?< 
`"  1
!B" B  >< CCND 
 11 8 

/1
   1
 =  ./> ) . %

 11  
 /-
  11 1
B
  =D> )%

1
!B"
`"<
/-
 
1
 	
-

/

<

/18


?BII7
   +  5C   5 -
  ./ $   % = B

 =$D>)


18$7/77"+5C
1
 
 .	 


  1> # 
!!
 
1/ 

1
 1
=  ./>


 



	/
1/1
!!1
(
< 
.
%


  ? B
  =  D<  /-
  .     
  
/

1
=./B><CCND<16B
 =D	@
1
 	
-

 1
 /-
 B6	
><CC5D< 44" 

J""?B
 =D1
A
82
 1
 = 7',  11 
1
> )
 

   ? 
%  -

 -
    ./>   %

  
  /-
  
 


/.$..1$7/77"+<
	
$18
 


 ?BII7  
 ./>  ..1 
/.$  

/1
  %  @ 
  1$ 
 % 
 

 
 /-
 
	
-

164_>!!
	
1
1/

1
/-
>
/-


.11/1
< 
 
/-
 1

 	
-

.11
8 



 ?BII77   ..<   L = Q .
 
1  %

 

J""? 
 	
$1    +> 44" 1
 1/  

  = L .


18


?BII75C3-
./!"$

/
/(( 2



2
	D  








Figure II.24: Profil d’expression de facteurs de transcription WRKY impliqués au cours du stress
oxydatif en réponse à la flagelline (flg22) examiné chez les lignées PRR2.
Les graphiques représentent le profil d’expression sur une cinétique de 24h des gènes WRKY75 (a),
WRKY6 (b) dans les génotypes Wt (col0), K.D. prr2.1 et p35S::PRR2.2.
Des plantules de 12 jours d’Arabidopsis cultivées en milieu liquide ont été élicitées avec 1 µm de flg22 puis
récoltées à 0, 30min, 1h, 3h, 6h, 12h, 24h après traitement. Le ratio d’expression qui représente
l’expression du gène en réponse à la flg22 par rapport à l’expression en conditions contrôles (H20) a été
déterminé par RT-qPCR en utilisant la méthode Fluidigm® de Biomarck®. Les valeurs et les barres
d’erreurs sont représentatives respectivement de la moyenne et de l’écart-type de 3 réplicats biologiques
indépendants. La significativité des résultats a été évaluée par une analyse ANOVA et par un test de
Newman-Keuls (* *p-value <0.01; . *p-value <0.05).
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Figure II.25: Profil d’expression des gènes de la voie des glucosinolates et de la camalexine en
réponse à la flagelline (flg22) examiné chez les lignées PRR2.
Les graphiques représentent le profil d’expression sur une cinétique de 24h des gènes PEN2 (a), PEN3 (b),
MYB51 (c), CYP181F2 (d), PMR4 (e), GGT1 (f) dans les génotypes Wt (col0), K.D.prr2.1 et p35S::PRR2.2.
Des plantules de 12 jours d’Arabidopsis cultivées en milieu liquide ont été élicitées avec 1 µm de flg22 puis
récoltées à 0, 30min, 1h, 3h, 6h, 12h, 24h après traitement. Le ratio d’expression qui représente
l’expression du gène en réponse à la flg22 par rapport à l’expression en conditions contrôles (H20) a été
dtéerminé par RT-qPCR en utilisant la méthode Fluidigm® de Biomarck®. Les valeurs et les barres
d’erreurs sont représentatifs respectivement de la moyenne et de l’écart-type de 3 réplicats biologiques
indépendants. La significativité des résultats a été évaluée par une analyse ANOVA et par un test de
Newman-Keuls (* *p-value <0.01; . *p-value <0.05).
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Figure II.26: Représentation schématique du nombre de gènes dérégulés chez les génotypes
PRR2 identifiés à partir de l’analyse transcriptomique CATMA
Ce diagramme de Venn illustre le nombre de gènes dérégulés chez le K.D. prr2.1 (3259 gènes), le
nombre de gènes dérégulés chez le surexpresseur p35s:: PRR2.2 (2122 gènes) et le nombre de
gènes dérégulés chez les deux génotypes (714 gènes) pour une p-value<0.01 (test de Benjamini-
Hopkins). Parmi ces gènes, 298 gènes présentent une dérégulation inversée, c’est-à-dire une
induction chez l’un des génotypes et une répression chez l’autre.
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Figure II.27: Profil d’expression de gènes de la machinerie photosynthétique examiné chez
les lignées PRR2.
Les graphiques représentent le profil d’expression sur une cinétique de 24h des gènes PSBP-2 (a),
LHCB1.4 (b), LHCB2.4 (c) dans les génotypes Wt (col0), K.D. prr2.1 et p35S::PRR2.2.
Des plantules de 12 jours d’Arabidopsis cultivées en milieu liquide ont été récoltées à 0, 30min, 1h,
3h, 6h, 12h, 24h. Le ratio d’expression qui représente l’expression du gène par rapport à l’actine a
été déterminé par RT-qPCR en utilisant la méthode Fluidigm® de Biomarck®. Les valeurs et les
barres d’erreurs sont représentatives respectivement de la moyenne et de l’écart-type de 3 réplicats
biologiques indépendants. La significativité des résultats a été évaluée par une analyse ANOVA et
par un test de Newman-Keuls (* *p-value <0.01; . *p-value <0.05).
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Figure II.28: Profil d’expression de gènes de stress examiné chez les lignées PRR2.
Les graphiques représentent le profil d’expression sur une cinétique de 24h des gènes COR15a (a),
BBX27 (b), TZF1 (c) dans les génotypes Wt (col0), K.D. prr2.1 et p35S::PRR2.2.
Des plantules de 12 jours d’Arabidopsis cultivées en milieu liquide ont été récoltées à 0, 30min, 1h,
3h, 6h, 12h, 24h. Le ratio d’expression qui représente l’expression du gène par rapport à l’actine a
été déterminé par RT-qPCR en utilisant la méthode Fluidigm® de Biomarck®. Les valeurs et les
barres d’erreurs sont représentatives respectivement de la moyenne et de l’écart-type de 3 réplicats
biologiques indépendants. La significativité des résultats a été évaluée par une analyse ANOVA et
par un test de Newman-Keuls (* *p-value <0.01; . *p-value <0.05).
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Figure II.29: Profil d’expression de gènes impliqués dans les processus de sénescence
examiné chez les lignées PRR2.
Les graphiques représentent le profil d’expression sur une cinétique de 24h des gènes WRKY54 (a),
WRKY75 (b), WRKY70 (c), WRKY53 (d) dans les génotypes Wt (col0), K.D. prr2.1 et
p35S::PRR2.2.
Des plantules de 12 jours d’Arabidopsis cultivées en milieu liquide ont été récoltées à 0, 30min, 1h,
3h, 6h, 12h, 24h. Le ratio d’expression qui représente l’expression du gène par rapport à l’actine a
été déterminé par RT-qPCR en utilisant la méthode Fluidigm® de Biomarck®. Les valeurs et les
barres d’erreurs sont représentatives respectivement de la moyenne et de l’écart-type de 3 réplicats
biologiques indépendants. La significativité des résultats a été évaluée par une analyse ANOVA et
par un test de Newman-Keuls (* *p-value <0.01; . *p-value <0.05).
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Figure II.30: démarche opérée pour l’analyse de promoteurs putatifs reconnus par PRR2
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Figure II.31: Eléments cis putatif identifié parmi les gènes dérégulés dans le
transcriptome réalisé en conditions standards de croissance et de développement
A. La recherche d’un élément commun dans les 500pb en amont du site +1 du site d’initiation
de la transcription dans la région promotrice des gènes cibles de PRR2 a permis d’identifier un
élément putatif. Toutes les occurrences de ce motif avec une ou plusieurs substitutions ont été
effectuées pour générer le logo de la séquence consensus suivante: CACGT(C/G)A. La taille
des lettres à chaque position reflète le niveau de conservation de chaque nucléotide.
B. Fréquence de la séquence putative identifiée dans la région promotrice des gènes cibles de
PRR2 dans les groupes A, B, C et dans le génôme d’Arabidopsis.
A
B
 NN
	 

	!"#$%
)  %
  1.
  11 .1   1$11  !! 	 =
%    1
 =  *5CCC 
     6  % %
 

..1>*
< %

1
11
=./%
./
..1  1
 =  *5CCC  
  1$1   .. %

  


/-
 1

 	
-

  
/
. 
 //(( 

	/
	
&'	
	D*(2!#%
)!
%
1



1
	
$1

=%7
',  %  ./ B
  >< CC3U 6
  */< CC3D> )%


/1 
 1/
 ?
     ! %
  
 11 8 

/1
!!1
=(>
1


(( "		

	


	
(+&
	D  
 1
=./=*5CCC!!1/
$%

/-
	
-


 /

<   
     B
 6 D> ) 
/    
/


%.*5CCC1(( 

	
 	
  2  $ 
$
 D "  
 
 
>*
</		
	D  
/
(( 
$	D	$

0
	1/B

6 D
A
/



1
	$
B,
><
CCU &	
  >< CCKD< 

 $  
    1$ 
%/


%
1

?
1.
1
=
./B*><CCQU?><CD>)
$*<CCK11 

/-
	
-

/

 
 
1
=  ./> 
1/
$ %

/-
 1

 	
-


1
<!!
 	 = /  1

 = 7 ',> < 	  %

 
/-
.

11
	
-

/


.11/18

/1
1
=./<%

1
%

...1

 1
 
1
 -
 .   	1> 
 1
  11  

/

 
 - 1
  
   1

  
 /-

1
 
   A 
 
 1  
 /-
 1	
 
7', B7< CD> # 
 $
/1  1
 
 .
 8 
 /1
  
1
 = 
 /-
 1
    !   !'  .
%	 
 1

  1.

  $  
  1$  1
   
..1
 
 %  
 
1
 8 
 /1
 > # .  

1 
/




1
 
	

1/1



B#,
D

%


>#
1

.%

#,
8
/1
1
=*5CCC<%

1

$1		.1

1.

/
/-

B+
70
8<CCD>
* - 

8 1< %
 
  
 

 %

  !!
%

1$1..1
?

 %


/-

@
1
 
  	
-
  
  16 B6	
  >< CC5D> <   11
chorismate 
tryptophane 
IAOX 
précurseurs des 
glucosinolates 
IAN 
GSH-IAN 
CYS-IAN 
camalexine 
glucosinolates indoliques 
(IGS) 
4-méthoxylation 
4-méthoxy-IGS 
callose 
PEN2 
PEN3 
PMR4 
CYP79B2 
CYP79B3 
CYP71A13 
GSTF6 
GGT1 
CYP71B15
/PAD3 
CYP83B1 
MYB51 CYP81F2 
Métabolites régulés positivement par PRR2 en réponse à la flagelline et/ou 
Pst DC3000 
Gènes codant des enzymes de biosynthèse des glucosinolates régulés 
positivement par PRR2 en réponse à la flg22 et/ou Pst DC3000 
Figure II.32: Régulation exercée par PRR2 sur la production de glucosinolates
indoliques, camalexine et papilles de callose
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Figure II.33: Modèle hypothétique présentant la contribution de PRR2 au cours de la
croissance et du développement et en réponse à l’infection par P. syringae
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Figure II.34: Modèle hypothétique présentant la contribution de CML9 et PRR2 en
réponse à l’infection par P. syringae
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Figure S1: Quantification de la production de différentes formes de glucosinolates aliphatiques
au sein des différents génotypes d’Arabidopsis lors d’une infection par Pst DC3000.
La quantification de l’ accumulation de 3MSOP (a), 7MSOH (b), 4MTB (c), 4MSOB (d), 8MSOO (e),
5MSOP (f) a été effectuée après infection par Pst DC3000 à 107 CFU/ml (12h, 24h, 48h) ou dans des
conditions contrôles (mock, T0). Les concentrations ont été estimées à partir de 3 réplicats biologiques
indépendants à partir de plantes d’Arabidopsis agées de 3 semaines lors des tests. Les barres d’erreurs
représentent la SEM (erreur standard à la moyenneD>
3MSOP:3-methylsulfinylpropyl glucosinolate , 7MSOH :7-Methylsulfinylheptyl glucosinolate, 4MTB: x,
4MSOB :4 methylsulfinylbutyl glucosinolate, 8MSOO: 8-Methylsulfinyloctyl glucosinolate, 5MSOP :5-
methylsulfinylbutyl glucosinolate.
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Figure S2 Quantification de la production de différentes formes de glucosinolates
indoliques au sein des différents génotypes d’Arabidopsis lors d’une infection par Pst
DC3000.
La quantification de l’accumulation de I3M (a), 4MOI3M (b), 3MOI3M (c),a été effectuée après
infection par Pst DC3000 à 107 CFU/ml (12h, 24h, 48h) ou dans des conditions contrôles (mock,
T0). Les concentrations ont été estimées à partir de 3 réplicats biologiques indépendants à partir de
plantes d’Arabidopsis agées de 3 semaines lors des tests. Les barres d’erreurs représentent la SEM
(erreur standard à la moyenneD>
I3M: Indol-3-ylmethyl glucosinolate , 4MOI3M :L(5 /
<3MOI3M : 5
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